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ABSTRACT 


Ths  objectives  of  the  study  progren  were  to  define  and  verity  a  synthesis 
of  Strength-Halting  parameters'  for  fatigue  cracked  panels  which  woulo  be 
applicable  to  the  wide  range  of  conditions  of  interest  in  the  engineering 
problem  of  strength  analysis  and  to  present  this  synthesis  in  a  fora  that 
vculd  lead  to  a  better  conceptual  understanding  of  the  interaction  between 
parameters. 

The  program  consisted  of  an  analytical  study  and  a  supporting  experimental 
study*  The  aaalyticcl  study,  governed  by  the  above  objectives,  considered 
fracture  in  tin  Elastic  range  with  buckling  restraint  provided,  fracture  com¬ 
bined  with  set  ‘-itZiCm  and  groBB  section  yielding,  snd  fracture  in  the  elastic 
range- for  unres  rained  panels*  The  design  problem  involving  appreciable 
amounts  of  slow  ^ear  was  also  considered*  Th(  experimental  program  provided 
supporting  iafofiatipn  on  the  behavior  of  fatigue  cracks  for  bare  2024-13 
aluminum.  Limit* 2d  test  data  were  also  obtained  for  duplex  annealed  titanium 
8AI-IM0-IV.  The  aluminum  alloy  crack  lengths  ranged  from  ,5  inch  to  over  10 
inches.  Panel  widths  were  thirty,  twenty,  twelve  and  nine  inches,  and  xrminal 
panel  thicknesses  were  ,080  inch,  .063  inch,  and  .032  inch.  The  titanium  alloy 
panel  widths  were  twelve  and  nine  inches,  and  thicknesses  were  .045  inch  and 
.020  inch.  Buckling  restraints  were  used  for  approximately  half  of  tns  panels 
tested* 

Test  information  from  other  sources  was  used  to  illustrate  specific 
points  in  theory  and  to  show  the  generality  of  conclusions. 
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THICKNESS  =  .063  INCH.  ... 
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CALCULATED  DATA  SUMMARY,  WIDTH  =  20  INCHES, 

THICKNESS  =  .080  INCH.  ... 
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CALCULATED  DATA  SUMMARY,  WIDTH  ~  30  INCHES, 

THICKNESS  »  .063  INCH,  i  .  .  ,  , 
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CALCULATED  DATA  SUMMARY,  WIDTH  *=  12  INCHES 

THICKNESS  «  .063  INCH  (UNLESS  NOTED).  .  * 
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CALCULATED  DATA  SUMMARY,  WIDTH  ~  9  INCHES 

THICoNESS  «  .063  INCH.  .  .  * 
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MEASUREMENTS  OF  BUCKLED  PANELS  2024-T3  ALUMINUM  . 
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LIST  OF  SYMBOLS 


area 

boundary  influence  coefficient 

spring  constant  for  elastic  restraint 
of  column 

Young’s  modulus 

critical  column  strain  for  buckling 
secant  modulus 

component  of  plastic  strain  normal 
to  a  crack 

ultimate  crack  tip  strain 

component  of  elastic  strain  psr&llsl 
to  a  crack 

component  of  elastic  strain  normal  to  a  crack 

moment  of  inertia  ' 

crack  tip  stress  intensity  parameter 

crack  tin  stress  intensity  parameter 
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unstable  tear 

crack  length  -  : 

Initial  crack  langth 

interaction  exponent  -'  >• 

critical  column  load  for  buckling 
radius  of  plastic  zone 
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inches 


psi 


kst  _ . 
inches/ inch; 
ksi  _  - 
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isches/icch 

inchas/inch 
inches^  . 
ksi  V-inch 
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X  IHTRODUCTIOr 

During  the  past  several  years,  where  has  been  corssidssrabxa  advanceaentin 
the  concepts  of  fracture  mechanics  and  in  the  application  of  these  concepts; "tor  x:  • 

the  problems  of  msterial  evaluation1*  In  those  design  esse*  where  relatively 

tmall  flaws  are  present  at  the  onset  of  fractuhe,  a  fracture  mechanics  approach 

has  also  proven  valuable2*  However,  for  design  ahd:  itrength ^  evaiuatiohSrfojt  77.7 

those  relatively  ductile  aaterials  of  most  interest  for  aircraft  structure, 
larger  flaws  or  fatigue  cracks  are  more  likely  to  tn  Of  interest.  Forthete  xrr 
largev  flaws,  parameters  not  normally  considered  as  part  of  the  materials  77  \ 
evaluation  can  have  a  significant  influence  on  the  resulting  strength*  Thus, 
while  materials  evaluation  studies  have  for  the  most  psvt  employed' the  frscttyje  '<v 
mechanics  concepts,  many  of  the  studiea  aore  direcvly  conceraed:^^  •itri:ifeir~7i7;7 
ai  evaluation  have  chosen  alternate  approaches  Which  permit  the  introduction  _  ; 

of  additional  variables^*^*^*^.  One  of  these  alternate  metbbds,  the  notch-  77-- 
strength  analysis  aethod^*^  has  found  favor  for  its  -ability-  to-  evaluate  the 
strength  reduction  resulting  from  fatigue  cracks  for  those  Cases  where  general  -  ‘ 
yielding  accompanies  fracture  and  also  for  those  cases  where  buckling  occurs  •.  __ 77- 
due  to  the  presence  of  a  fatigue  crack*:  The  notch  analysis  method  aiahes  ai^ -7!  >77 
of  an  effective  radius  concept7  and,  thus?  the  information  usuaiiy  gathered; 
auring  material  evaluation  studies  based  on  fracture  mechanics,  concepts  is7not:  77 
useable.  Data  from  which  the  influence  of  general  yielding  and  panel  buckling  ;r7£ 
can  be  determined  are  seldom  available*  -'7^7  7“  .  77*C*f\ 

In  order  that  the  bulk  ofinforaaticmnovbeisgcpayil^ 
strength  be  more  applicable  to  design  oriented  problems,  further  ^imders>tanding 
of  the  influence  of  geometric  variables  must,  be  attained  and  design  methods 
using  this  understanding  in  conjunction  vitbfractureaachanic*  coacepts'7'  .  7 
should  be  explored*  The  program  reported  herein  has  been  undertaken  5rithv£his  - 
objective  in  mird.  /  "7  7  ^;  7-17 
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i|fluencw  of  gross  section  yielding  and  panel  buckling  on  the  stress 
,?e-  ^ *nd  cf  r*tebie  tear  la  wide  panels  is  presented  in  the  form 
aitg^aa^  i?igUre  29)  having  .three  non-dimensional  asaa  representing  ulti- 
^|trtn2fcVf; lur«>  elastic  fracture  and  the  influences  of  panel  buckling. 
-THr#e  *ones  of  behavior  are  designated  on  the  diagram  as  follows: 

^?b®-/?  Sfenrt  Cracks  ■*  The  beginning  of  unstable  tear  occurs  due  to  a 
Zr  odabination  of  fracture  snd  gross  section  yielding.  The  suggeat- 

'  v'-  -  e°  equation  for  predicting  the  stress  intensity  at  the  beginning 

if  of  unstable  tear  is 


'<re  ~0»8  o*v 
lO-  -C„8  <x 

J  4 


£ii=  1 


Zone  II 


Intermediate  Cracks  -  The  beginning  of  unstable  tear  occurs  with 
gross  panel  Stress  in  the  elastic  range.  The  influence  of  panel 
buckling  in  2024-T3  aluminum  can  be  assumed  constant,  with  the 
■tress  intensity  fit  the  onset  of  unstable  tear  correspondingly 
less  than  in  guided  panels.  The  quantity,  '  “  '  ~ 


i.ty,  A°  "  *8  °v\m*  is 

Vu  -  •»  fj 


negative  and,  thus,  assumed  as  zero  so  that  the  equation  for  pre¬ 
dicting  unstable  tear  become* 


Zone  III  Long  Cracks  -  Cracks  whose  length  to  panel  width  ratio  exceeds 
1/3  can  be  expected  to  -how  further  reduction  in  the  stress  in¬ 
tensity,  JC£,  resulting  iron  the  influence  of  panel  width  on 
buckling. 


The  use  of  the  interaction  diagram  is  illustrated  by  data  from  20  and  20 
inch  wide  panels  of  2024-T3  aluminum.  Trends  and  behavior  of  fatigue  cracks 
in  9  inch  wide  and  12  inch  aide  2024- T3  aluminum  and  titanium  8AI-IH0-IV  are 
explained  in  terms  of  components  of  the  interaction  diagram  and  by  curves 
showing  strength  reduction  in  narrow  panels  beyond  that  predicted  by  elastic 
analysis  methods. 


2 


Ill  PREFACE 


The  discussion  and  theory  are  presented  in  the  following  sections.  -  - 
Section  IV  dee1*  with  the  problem  of  panels  to  which  sufficient  lateral  support 
'a  provided  lat  the  panel  remains  essentially  £l&t  at  failure  (guided  panels) 
and  the  n  jbs  section  regains  elastic.  These  lisitatisns  in  behavior  cur¬ 
rently  C  ..ne  the  problem  area  in  which  linear  elastic  fracture  mechanics  have-  ir 
proven  relatively  successful*.  In  approaching  the  presentation  of  theory  for 
this  range  of  behavior,  the  need  to  incorporate  problems  involving  sta&le  drack 
growth  led  to  the  choice  of  static  considerations  of  ultimate  strain  at  the 
crack  tip  as  «  failure  criterion  rather  than  the  sore  standard  energy  approach. 
The  fi.st  section  of  theory  thus  represents  an  attempt  to  reststa  -basic  ben-  ?- 
cepts  of  fracture  mechanics  in  terms  of  static  considerations  insofar  as  prac-  . 
tical.  An  attempt  has  also  oeen  made  to  define  limitations  of  current  theory 
and  thus  define  the  limits  of  panel  geometries  to  which  toe  extensions  of  theory 
explored  in  subsequent  sections  are  applicable^  r  -J.- 

The  sections  that  follow  consider  extensions  of  theory  for  problems  of- 
general  yielding  accompanying  fracture,  failure  of  unrestrained  panels  that 
distort  from  a  flat  panel  prior  to  failure  (panel  buckling)  and  finally;  the  i_ 
synthesis  cf  the  strength  reducing  influences  of  fracture,  yielding,  and  panel 
buckling  into  a  single  failure  diagram. 

An  udditional  section  discusses  the  problem  of  predicting  the  amount  of  • 
slow  tear  preceding  final  rupture  and  includes  suggestions  of  how  this  addition- r 
al  variable  can  be  introduced  into  failure  considerations.  V  v 


Ba cause  of  the  complex  nature  of  the  fracture  prcbles,  many  of  the  formal  ' 
lations  suggested  are  empirical  In  nature.  In  each  case,  however,  an  attempt  _ 
has  been  cade  to  retain  at  least  a  qualitative  theoretical  base  and  to  provide 
for  growth  potential  within  the  basic  formulation  cs  understanding  is  increased. 
It  is  hoped  that  the  resulting  compilation  will  thus  both^edd  to  fhe  baslc  ----  - 
understanding  of  the  interaction  between  strength  influencing  par^^terz-  khd ;  - 

encourage  additional  studies  to  explore  details  which  ware  of  necessity:  left. 
unresolved  by  the  scope  of  the  present  progress.  _  -  y 

The  experimental  data  for  2024-T3  aluminue.  and  titanium  8^1-lKdriy^l*edi  ?: 
in  the  development  of  curves  and  illustration  of  theory,  unless  speei£iha?ly“>r- 
noted,  were  obtained  during  the  supporting  test  proga&i,  A  tabulated  suar^iry 
of  these  data  along  with  stress  vs  crack  length  curves  are  found  in  the .  ',:-yl 
Appendix.  -  . -lr  v  -  ~~: 


- 


K  IV  CHIDED  PANELS  WITH  ELASTIC  BEHAVIOR  AWAY  FROM  CRACK 

CQM?A£l^dK-/OF  FAILURES  -  £N  HATERIALS  WITH  LOW  AND  HIGH  DUCTILITY 

if?,  Ion  of  failure  In  a  brittle  material  is  a  relptively  simple 

meftfer  due  tb  the  lack  of  significant  s taunts  of  *low  tear.  Thus,  the  initial 
Crack  IjHigth  and  the  stress  corresponding  to  the  aaximua  load  are  all  that 
^eedbe  considered  *  Additionally,  plastic  deformation  is  not  a  significant 
consideration  und  an  elastic  formulation  of  stress  ct^centration  or  ensrgy  is 
^aspiiabiy  applicable'.  FoF  a  relatively  ductile  material,  however,  tt;a  prob- 
1^  hacoaes  aora  cortex,  Stable  sioW  tear  initiates  at  a  load  level  co  id- 
erably  beiow'  thi  ultimate  Toad,  in  this  stable  slow  tear  phast ,  the  te/  ng 
can  be  stopped  by  stopping  the  loading  process.  Eventually,  a  maximum  ad 
reacheo.  Xf  this  maximum  load  is  approached  through  a  process  of  ll 
increments  of  loading,  successively  longer  increments  of  tear  -an  _>e  reserved 
as  the  maximum  load  is  approached.  At  the  maximum  load,  an  additional  incre¬ 
ment  in  load  will  result  in  a  continued  slow  extension  of  the  crack.  Indicat¬ 
ing  an,  unstable  condition.  Near  the  end  of  this  unstable  phase  of  crack 
extension,  noticeable  acceleration  occurs  ending  in  an  explosive  and  almost 
instantaneous  separation  of  the  remainder  of  the  uncracked  section. 


POSSIBLE  FAILURE  L'SITERIA 


From  the  above  failure  sequence  for  a  relatively  ductile  material  con¬ 
taining  a  crack,  two  difftrent  methods  of  measuring  or  defining  failure 
criteria  are  currently  used. 

1.  The  initial  crack  length  and  stress  at  maximum  load**. 


2.  The  crack  length  and  stress  et  maximum  load 


Two  additional  criteria  could  be  of  interest. 

3.  The  creek  length  end  load  et  the  onset  of  crack  occelerstion. 
4;  The  crack  length  and  load  at  rupture. 


Each  of  the  above  criteria  properly  have  a  place  in  the  overall  problem  of 
strength  evaluation  and  analysis.  The  typical  sequence  of  these  four  possible 
criteria  are  shown  diagreaatically  in  Figure  1.  From  Figure  1,  it  can  be  seen 
that  with  the  exception  of  the  first  criterion,  each  criterion  could  be  repre¬ 
sented  by  some  instantaneous  condition  of  stress,  strain,  or  energy  within  the 
panel  during  the  failure  sequence.  The  first  criterion  of  initial  crack  length 
and  nayimya  load  is  not  subject  to  rigorous  stress,  strain  or  energy  interpre¬ 
tation.  It  is  a  combination  of  two  quantities  occurring  at  distinctly  differ¬ 
ent  times  during  the  failure  sequence.  It  can  also  be  seen  that  only  the  first 
criterion  permits  the  determination  of  the  ®a*u;mia  load  associated  with  a  known 
initial  crack  length*  A  criterion  relating  initial  crack  length  to  maximum 
load  is  definitely  needed.  A  possible  method  for  developing  this  criterion, 
through  parameters  of  strgss  or  strain,  is  through  the  definition  of  the  amount 
of  stable  crack  extension-*.  This  is  else  shown  on  Figure  1. 


For  the  purposes  oF  this  report,  the  second  criterion,  crack  length  and 


stress  at  lasxlcua  load*  will  be  used  as  ft  definition  of  creek  instability* 
Sffrenever  reference  ia  rede  to  one  of  the  four  points  shown  on  the  Figure  1, 
the  appropriate  subscript  -will  be  used. 

<CS&Cg  tXF  STRESS  IHTEHSrrf  FA5AKSTER 

7  '■  jBecsusejof  the  need  to  consider  stable  tear  as  well  as  the  critical  crack 
length--  pnxhrm  load  relationship,  a  crack  tip  stress  or  strain  approach  is 
wjst  applicable.  This  approach  can  be  presented  In  the  fora  of  a  stress  in- 
/Senhity  parameter  for  wide  panels 

k  =  <ral*.  (1) 

k  —  a  measure  of  crack  tip  stress  intensity 
cr  =  gross  pan*ii  stress 

:  JL  ~  the  total  crack  length 

In  applying  tha  stress  intensity  approach  to  the  critical  crack  length  - 
aaxisca  load  point,  the  Upp4r  limit  of  the  stable  crack  lengths  can  be  consid¬ 
ered  £o  bs  the  ease  as  the  lower  liait  of  unstable  crack  lengths  defined  by  a 
Critical  energy  release  rite*  This  resolves  to  the  fact  that  either  a  critical 
crick  tip  stress  or  strain,  ci  a.  critical  energy  release  rate  is  sufficient 
criterhs^lor  the  definition  of  instability  It  is  thus  possible  to  use 

a  stre^l  -^iS^isity  approach  and  still  be  cospatlble  with  fracture  acchanlcs 
conot^^^-^nstability  and  energy  release  rates. 

smiK  xfemgTAtios  or  tee  stress  httekshy  parameter 

For  the  purposes  of  explanation  of  slow  tear  pheuoeena  and  the  considera¬ 
tion  of  failure  under  cosbinsd  conditions  of  fracture  2nd  yielding,  it  is 
desirable  to  appraise  at  least  qualitatively  the  coeqxroents  of  the  stress  In¬ 
tensity  paraseter  k.  This  can  be  accomplished  by  considering  the  equation  for 
elastic  stress  cr  strain  at  the  tip  of  a  crack  in  an  infinitely  wide  panel: 


where:  =  critical  or  ultimate  crack  tip  strain  (actually*  this 

is  a  physically  undefinable  quantity  as  neither  the 
gage  length  nor  stress  condition  is  known  to  the  extent 
that  it  can  be  derived  froa  p-^csent  methods  of  censuring 
strain  on  unnotched  tensile  coupons) 

ojj  —  Ultimate  gross  panel  stress  corresponding  to  Cy 

E  =  Young1 s  coduius 

Jtr  *  crack  length 

p  —  Effective  crack  tip  radius  slailar  to  that  defined  by 
Heuber' 


where:. 


I 


Equation  f2)  involves  two  unknowns,  ec  and  P  ■  la  order  to  use  equa¬ 
tion  (2)  without  solving  independently  for  e,t  and  p't  it  is  necessary  to 
assume  that  o'  will  be  snail  so  that  /z£V>l.vith  this  assumption,  equation 
(2)  becomes  Jp' 


-V? 


Equation  (3)  is  most  applicable  to  problems  involving  elastic  behavior.  For 
those  cases  where  the  observed  critical  crack  lengths  occur  at  a  near  constant 
value  of  k2  with  local  plastic  deformation  adjacent  to  the  notch  tip,  equation 
(3)  can  be  used  provided  the  quantity  p  i?  arsssed  es  a  lumped 
used  to  account  for  the  influences  or  local  plasticity. 

The  stress  intensity  parameter  can  thus  be  considered  a  parameter  having 
two  vnaeasurable  components  and  p  .  Of  these  two,  e^  zsist  be  at  some 
critical  or  Halting  value  whenever  tear  initiates.  Instability  tsay  or  nay 
not  follow  as  instability  depends  on  incremental  changes  is  crack  tip  condi¬ 
tions  as  well  as  on  the  instantaneous  condition  of  critical  crack  tip  strain. 
These  incremental  changes  can  be  qualitatively  explained  by  variance  of  the 
quantity  //„ 

REIATTCSS5IP  BETWEEN  THE  STRESS  IST5SSITY  E1&8HEIER  ASP  C3AIX  TIP  S73AIS 

During  the  slow  tear  phase,  an  interesting  relationship  between  the  stress 
intensity  parameter,  k,  and  true  crack  tip  strain  can  be  observed  (see  Figures 
44  and  45).  The  onset  of  slow  tear  indicates  that  a  r-^riTr—t  er  critical  crack 
tip  condition  has  been  reached.  After  the  first  increment  ur  tear  at  constant 
Load,  the  crack  remains  stationary  until  additional  load  is  applied.  With  ' 
sufficient  additional  load,  additional  tear  occurs  which  will  again  if  the 
load  is  held  constant.  Thus,  it  can  he  observed  that  the  critical  strain  level 
at  the  crack  tip  can  be  reached  many  tiees  between  onset  of  tear  and  instabil¬ 
ity;  each  tine  at  an  increased  value  of  k.  Referring  to  equation  (3),  for  a 
given  value  of  k,  the  saslnrrn  crack  tip  strain  is  dependent  upon  the  value  of 
the  effective  radius  p*  which  is  assumed  to  account  for  the  influences  of  local 
plasticity.  Uhile  this  interpretation  of  equation  (3)  is  not  rigorous,  sose 
useful  qualitative  evaluations  can  be  made. 

In  terms  of  equation  (3),  the  range  of  stable  tearing  that  takes  place 
prior  to  instability  of  a  crack  can  be  interpreted  to  mean  that  once  the  crack 
tip  strain  reaches  some  critical  value,  additional  stable  tear  is  possible 
only  with  an  increase  in  ff  .  Instability  is  thus  considered  to  occur  when¬ 
ever  the  crack  tip  strain  has  reached  a  critical  value  for  tear  sad  Pf  can 
no  longer  increase  sufficiently  to  compensate  for  additional  increases  in  k. 

For  changes  in  k  with  the  load  held  constant,  equation  (3)  could  he  written 
for  an  inc-eaental  increase  in  the  length  £,  up  to  the  critical  crack  length 
at  which  instability  occurs. 
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(4) 


'*  v.  a 

■r  | 


u  ,/r  a 

Por  the  first  unstable  increment  of  crack  extension,  equation  (4)  oecomes 


dkv  ®u  E 

dj/ 


_  d  V  P 

sir 


(5) 


It  has  been  -suggested  that  the  increase  in  p'  can  be  attributed  to  the  devel¬ 
opment  of  the  shear  mode  of  fracture^  .  however,  observations  on  2024-1*3*3 
which  were  substantiated  during  this  program  showed  the  development  of  the 
tear  resistance  to  occur  with  fully  developed  shear  surfaces  throughout*  Thus, 
a  more  general  dependence  of  tear  resistance  on  plastic  deformation  is  indica¬ 
ted. 


t:»5  influence  of  panel  width 

The  influence  of  free  panel  boundaries  near  a  stress  concentration  such 
a,n  a  fatigue  crack  causes  stress  in  the  vicinity  of  the  crack  tip  to  be  higher 
than  would  be  the  case  if  the  boundaries  were'  remote.  To  account  for  this  in¬ 
fluence,  a  stress  correction  is  usually  employed. .  The  stress  correction  used 
throughout  this  report  is  that  proposed  by  Dixon  **. 


cr=  cr0 


l  h 


(6) 


’Kfiere 


w  =  panel  width 

width  adjusted  stress 


nr  a 


f>  10 


The  Dixon  correction  has  found  favor  in  engineering  studies  and  is  within 
3  percent  of  the  Westergard  width  correction  used  in  the  current  fracture 
toughness  formulation^ 


(7) 


4f 


In  addition  to  the  elastic  width  correction  (equation  6),  an  additional  width 
influence  has  been  illustrated  *-*13  which,  when  significant,  wou?-’  cause  the 
stress  intensity  at  the  beginning  of  unstable  tear  to  b^  a  variable  with 
width.  An  easy  way  to  explain  qualitatively  this  width  influence  can  be  ob¬ 
tained  by  rewriting  aquation  (4)  for  a  panel  of  finite  width  using  equations 
(1*  and  (6) 


"J. 


a 


(8) 


Equation  (8)  shows  that  the  rate  of  change  of  k  with  respect  tc  l  in¬ 
creases  with  the  //v  ratio  thus  agreeing  with  the  observations  of  Reference  1. 
Since  the  rate  of  change  of  Jp1  with  respect  to  i  seems  to  diminish  near  the 
instability  point*  the  last  pos.rJ.ble  equilibrium  solution  of  equation  (8}  tends 
to  be  at  lesser  values  of  k  for  increasing  values  of  i/w.  For  values  of  i/w  * 
less  than  0.5  in  2024-T3  aluminum,  the  change  in  instability  from  that  of  an 
infinitely  wide  panel  is  relatively  small  as  shown  by  the  cangency  of  effective 
stress  a;  *  tear  curves.  Figure  2a,  and  in  the  vs  i  plot,  Figure  2b.  Figure 
2b  can  easily  be  compared  to  the  energy  release  rate  form  of  presentation* 

Figi  ;e  2a  is  however  considerably  easier  to  construct. 

The  two  width  corrections  discussed  above,  equations  (6)  and  (8),  are  both 
based  on  elastic  theory  and  are  thus  increasingly  inaccurate  as  local  yiastfc, 
deformation  near  the  notch  increases.  However,  as  long  as  the  local  plastic 
deformation  reaches  approximately  the  same  extent  at  the  beginning  of  unstable 
tear  over  the  range  of  geometries  of  interest,  predictions  of  tear  instability 
based  on  these  elastic  equations  can  be  relatively  successful.  In  this  re¬ 
spect,  there  is  an  additional  width  influence  that  must  be  considered.  Thia 
is  the  possibility  that  local  plastic  deformation  at  the  crack  tip  can  be  sigr 
nificantly  influenced  by  the  proximity  of  the  panel  boundaries.  In  actuality, 
the  plastic  deformation  should  be  influenced  by  boundary  conditions  whenever 
the  boundaries  are  close  enough  to  influence  the  elastic  stresses.  For  a  given 
crack  length,  this  influence  should  generally  increase  as  ductility  increases 
and  as  width  decreases.  The  panel  widths  for  which  this  influence  causes 
significant  error  in  unstable  tear  predictions  based  on  elastic  equations  can 
usual1/  be  avoided  by  following  recommended  fracture  mechanics  practice!.- 
Particular  problems  aris'  «  however,  when  elevated  temperature  testing  is  ihr-  ~  - 
volved. 


To  illustrate  the  nature  of  the  influence  of  panel  width  on  guided  panels  . 
of  varied  materials.  Figure  3  shows  the  fraction  of  wide  panel  fracture 


strength 


_£  {attained 


in  successively  smaller  widths  for  a  variety  of  materials 


Width  corrections  were  made  using  equation  (6).  Width  corrections  of  the  type 
Illustrated  by  equation  (8)  ware  considered  to  be  small  as  the,//w  ratios  of 
the  test  panels  were  generally  0.4  or  less.  The  yield/ultlmete  ratio  of  the 
several  materials  is  also  shown  to  indicate  .he  general  influence  of  ductility* 
Figures  4  and  5  show  similar  behavior  as  a  function  of  temperature  in  test  panri 
data  selected  from  the  stse  heats  of  materials  tested  at  ambient  and  elevated 
temperatures. 


DEFINITION  OF  WIDE  I'M)  NAhPOW  PANELS 

From  Figure  3,  it  can  be  seen  that  for  each  material,  there  is  a  Width  of 
panels  above  which  further  increase  in  width  will  cause  little  if  any  change 
in  the  stress  intensity  at  instability.  Panels  having  widths  equal  to  or 
above  this  limiting  va’je  will  be  referred  to  as  wide  panels  in  this  report. 
Panels  having  widths  less  than  this  limiting  value  will  be  referred  to  ns 
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FIGURE  2  RELATIONSHIP  BETWEEN  RATE  OF  CHANGE  OF  STRESS  INTENSITY 
AND  STRESS  INTENSITY  FOR  UNSTABLE  CRACK  EXTENSIONS 


FIGURE  4  INFLUENCE  OF  TEMPERATURE  ON  STRENGTH /WIDTH  RELATIONSHIP  FOR  TITANIUM  6A1-4V 


narrow  panels. 

For  the  preeent,  strength  prediction  of  narrow  panels  can  best  be  handled 
by.  ufch-of  curves  such  as  Figures  3*  4,  and  5.  While  this  category  of  panels 
ia  generally  known  to  exist,  it  is  significant  that  much  cf  the  available  data 
falls  within  this  range.  It  is  possible  that  correlations  such  as  shown  will 
lead  to  a  better  understanding  of  this  phenomena  and  to  methods  of  interpret- 
ing  wide  panel  strength  from  data  obtained  from  narrow  panels.  Before  this 
can  be  done,  however,  a  considerably  more  complex  means  of  ranking  materials 
must  be  devised  to  account  for  ultimata  atrein  differences  and  strain  harden* 
ing  cheracteristic 

Because  of'*tbe  limitation*  in  using  the  stress  intensity  parameter  in  con¬ 
junction  with  narrow  panels,  the  discussion  of  stress  intensity  applications 
in  this  report  is.  limitad  to  vide  panels  for  which  elastic  considerations  of 
width  correction  are  sufficient. 


PLASTIC  ZONE  COBSECTIOHS  TO  STRESS  INTENSITY 

At  this  point  in  discussion,  wide  panels  have  been  defined  as  those  panels 
«fcoa*  rear  behavior  can  be  correlated  in  terns  of  parameters  based  on  elastic 
considerations  (equations  i„  6.  8).  Normally,  fracture  mechanics  Includes  an 
additional  correction  based  on  the  also  of  the  plastic  «c)ne  adjacent  to  the 
crack  tip.  The  plastic  sons  correction  is  not  use£  in  this  report.  However, 
the  wide  use  of  the  plastic  sene  correction,  makes  it  desirable  to  discuss  the 
reasons  for  r.ot  Including  it  in  the  computation*  of  stress  intensity. 


Tha  plastic  sons  correction  to  the  stress  intensity  parameter  requires 
that  the  radius  of  the  plastic  sons  be  added  to  each  end  of  the  crack  tip  and 
that  the  resulting  increased  length  be  used  in  stress  Intensity  calculations 
:$s  «i  ‘’affective  crack  length." 


The  Irwin  model  for  computation  of  the  plastic  zone  size  can  be  expressed 

as 


where  k 


(10) 


rp  »  radius  of  the  plastic  zone 

An  improved  form*’*  based  on  the  Dugdale  wodel  for  a  crack15  shows  the  size  of 
the  plastic  zone  to  he  dependent  on  the  crack  length  in  the  form 


(11) 


The  dependence  of  rp  on  c rsefc  length,  aa  proposed  in  'Equation  (11)  con  be 
seen  in  its  series  expansion^. 


r_ 


«2  [,+U<i\ 


212.  /S?V. 


where 


6=  JLJL 

2  ay 


It  would  appear  that  use  of  a  correction  to  crack  length  based  on  a  plastic 
zone  predicted  by  equations  (10)  or  (12)  would  considerably  improve  the  lower 
limit  to  the  range  of  widths  for  which  strength  could  be  predicted  by  use  of 
stress  intensity  parameter  k.  Hence  width  influences  shown  in  figures  3,  4, 
and  5  might  be  greatly  reduced. 

An  attempt  to  apply  this  correction  to  data  obtained  during  the  test  pro-  - 
gram  for  2024-T3  aluminum  showed  an  interesting  fact..  with  reduced  width  for 
panels  of  20  inches,  12  inches,  and  9  Inches,  unstable  tear  (kz)  occurred  at 
reduced  stress  levels.  Grose  stress  et  unstable  tear  plotted  against  crack 
length  to  panel  width  ratio  at  instability,  showed  all  three  widths  to  hive 
nearly  equal  failure  stresses  at  the  same  //w  ratio (Figure  6)s  To  Illustrate 
the  influence  of  this  relationship  betwaen  /fv  and  gross  stress  on  the  computed 
plastic  zone  sizes,  equation  10  may  ba  used  to  write  the  ratio  of  plastic  zone 
sizes  for  a  9-inch  and  12-inch  panel  of  2024-T3  aluminum. 


From  Figure  6,  a  crack  of  //v  ratio  of  .3  will  fail  at  the  same  gross  stress 
crQ  in  panels  of  9-inch  and  12- inch  widths.  Since  the  relationship  between 
gross  stress  and  width  corrected  stress, o; is  dependent  on  the  /[v  ratio 
(equation  6),  the  values  of  &*vill  also  be  the  same  at  failure,  ?ox  this 
example,  equation  (13)  can  be  vrltten. 


(14) 


Equation  (12),  while  giving  slightly  different  results,  still  has  th*  see 
trend  as  shown  in  equation  (14).  Computed  plastic  zone  corrections  are  thus 
proportional  to  both  panel  width  and  crack  lengths  and  revised  values  of  the 
stress  intensity  parameter  k2  showed  the  same  relative  Influxes  of  width.  To 
verify  that  this  phenomenon  does  occur  in  2C24-T3  aluminum,  data  from  Xefereuce 
3  were  also  analyzed  (Figure  7).  Ho  particular  fundamental  significance  is 
attached  to  this  phenomenon  as  it  does  not  occur  for  yider  widths*-  The  20-inch 
wide  and  30»lnch  wide  panels  of  the  test  progrvm  showed  no  difference  in 
strengths  when  compared  on  the  basis  of  computed  stress  intensity  at  instability 
Also,  this  /  /v  vs.  stress  relationship  would  not  hold  for  panels  of  lesser 
ductility  than  2024-T3  aluminum  shown  on  Figure  3.  Figures  6  and  7,  and  equa¬ 
tion  (14)  do  point  out,  however,  that  the  practice  of  adding  &  plastic  zone 
correction  to  crack  length  is  less  effective  than  the  influence  of  width  on 
stress  intensity  for  the  aluminum  alloy  2024-T3.  Due  to  the  above  reasoning, 
plastic  zone  corrections  were  not  considered  in  the  presentation  of  data  of 
this  report.  *t 
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-ihfluesce  of  fa m,  thickhsss 


In  general,  the  thickness  of  e  panel  can  have  significant  influence  on  the 
stress  intensity  at  -which  slow  tear  and  crack  instability  will  occur*  However, 
the.  range  'of  ^thickness  for  the  materials  studied  in  this  report  caused  both 
the?  beginning  of  alow  tear  and  che  beginning  of  unstable  tear  to  occur  in  the 
shetr  aode  (plant  stress!*  While  minor  differences  in  tear  behavior  are  bound 
to'  be;  present ,  they  are  consider'd  subordinate  to  the  taore  gross  phenomena  of 
j;ec«trlc  influences.  For  th*s  reason,  thickness  differences  have  for  the  most 
part  been  ignored,  and  average  values  of  stress  intensity  have  been  used. 


SDHKARY  OF  THEORY  FOE  GUIDED  PANELS  WITS  ELASTIC  BEHAVIOR  AVAY  FROU  CRACK 


1. 


For  wide  panels,  the  range  of  crack  behavior  between  the  onset  of  stable 
tear  and  crack  instability  can  be  correlated  and  predicted  in  tezas  of 


fom 


iSitji 


This  Stress  intensity  parameter  can  be  expressed  in  the 


k  =<ri^ 


(15) 


2.  For  wide  panels,  influence  of  width  on  the  elascic  stress  intensity  para- 
EMter  can  generally  be-  adequately  handled  by  vse  of  e  stress  correction 
derived  frost  elastic  theory.  Of  these  available,  the  Dixon  correction  has 
been  selected 


ir 
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(16) 


3. 


Crack  instability  can  be  considered  to  be  sensitive  to  the  rate  of  change 
of  stress  intensity  with  length.  This  can  be  qualitatively  illustrated  by 
tlx  relationship 


CTqJ 
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Critical  d 
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(17) 


For  values  of  /jw  less  than  0.5,  this  width  influence  is  seal!  for  2024-73 
aluminum. 


4.  For  panels  having  widths  less  than  sooe  niniaua  (Figure  3)*,  the  proximity 
of  a  free  boundary  can  significantly  influence  the  local  plastic  behavior 
adjacent  to  the  crack  tip  and  thus  cause  considerable  reduction  in  strength 
froa  that  predicted  by  elastic  assusptions  and  vide  panel  behavior.  In 
this  report,  panels  in  this  category  are  referred  to  as  narrow  panels. 

The  strength  reduction  in  narrow  panels  generally  increases  as  ductility 
increases  and  as  ^anel  width  decreases  (Figures  3,  4,  and  5). 

5.  Elastic  zone  corrections  to  crack  length  are  less  effective  as  ductility 
increases.  In  2024-T3  aluainua,  a  near  constant  relationship  between  X/v 
and  gross  stress  at  the  beginning  of  unstable  tear  was  found  to  exist. 

This  relationship  caused  computed  plastic  zone  corrections  also  to  be  pro¬ 
portional  to  width  resulting  in  no  improvement  in  the  observed  differences 


6. 


in  the  stress  intensity  parsaeter  for  widths  of  9,  12,  and  20  inches*  Vfc- 
difference  in  the  stress  intensity  for  unstable  tear  was  found  for  29  and 
30  inch  wide  panels? 


During  the  stable  tear,  the  crack  tip  stress  and  strain  can  be 
to  retrain  constant  at  a  value  critical  for  tear  while  compensating  influ¬ 
ences  of  local  plasticity  pemit  equilibrium  to  be  sustained  at  irfCt^as-iag 
values  of  the  elastic  stress  intensity  paraaeter.  This  c-n  be  qr-ilitative- 
ly  explained  in  terns  of  an  effective  radius  P"  *y  the  relationship! 


cBs  _  *a  B  iJF~ 
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?•  The  Ci«ck  will  Cwtisse  to  tear  without  further  increase  in  load  when 
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8?  All  observed  failures  in  2024-T3  and  M fatitrea  fiAl-lMo-lV  were  in  the  shear 
code.  Variation  in  critical  stress  intensities  with  thickness  in  guided 
panel*  is  not  a  isajor  consideration  in  2024-T3  aluainssa  for  thicknesses  of 
.032,  .G^3,  an'*  .(SO  inch.  For  the  purpose  of  correlating  large  differ- 
eisce?  in  che  stress  intensity  at  unstable  tear  resulting  frocs  geooetric 
influences,  average  valuos  of  stress  intensity  can  be  used  for  the  range 
of  thicknesses  in  this  report. 
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V  GUIDED  PANELS  WITH  INELASTIC  BEHAVIOR  AWAY  FROM  CRACK 


APPLICATIONS 


For  relatively  ductile  materials  such  as  2G24-T3  aluminum  at  room  tempera¬ 
ture  and  titanium  SAl-lMo-lY  at  650  degrees  (compare  Figures  3  and  b);  the 
behavior  of  fatigue  cracks  is  such  that  the  lower  limit  of  the  crack  lengths 
thfct  could  reasonably  be  found  in  a  structure  arc  those  that  would  only  fail 
under  stress  conditions  high  enough  to  cause  general  yielding  away  from  the 
crack*  While  this  condition  in  itself  implies  a  structure  safe  from  catas¬ 
trophic  crack  propagation  at  normal  stress  levels,  it  is  desirable  to  be  able 
to  predict  the  ultimate  strength  cf  structure  containing  fatigue  cracks  in  this 
range  for  the  purpose  of  predicting  probability  of  vehicle  survival  under 
severe  conditions  cf  environment.  Additionally,  for  elevated  temperatures,  it 
wou'd  b-.  extreme ly  desirable  to  be  able  to  interpret  correctly  strength  studies 
made  using  short  cracks  in  small  coupons !6, 

INTERACTION  DIAGRAM 


While  there  are  many  ways  to  approach  the  problem  of  fracture  accompanied 
by  yielding,  the  method  selected  herein  uses  the  interaction  diagram!?.  An 
interaction  diagram  can  be  constructed  f  >r  any  two  (or  more)  failure  mechanisms 
by  the  following  steps: 

1.  The  strength  under  each  simple- loading  condition  (tension,  bending, 
fracture,  etc.)  is  first  determined  by  analysis  or  test. 

2.  The  combined- loading  condition  £s  represented  by  load  (or  stress) 
ratios  R  in  which 


Ri  -  applied  loading  of  type  i  Qg) 

critical  loading  of  type  i 

the  word  "critical"  can  be  interpreted  generally  to  mean  the  loading 
at  failure  under  conditions  represented  by  the  ratio  alone,  whether 
it  occurs  by  buckling,  rupture,  or  any  other  form.  For  example,  for 
the  case  of  simple  tension  stress  in  an  unerseked  panel 


Thus,  at  failure  under  a  simple  tension  loading 


(19) 


(20) 


3.  The  effect  of  one  loading  (represented  by  R^  in  Figure  8)  on  the 
allowable  a r  critical  value  of  a;.~iher  simultaneous  loading  (R2)  is 
represented  by  an  equation  or  chart  involving  Rj^  and  R2#  (More  than 
two  loadings  can  also  be  handled  in  this  way). 
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IHTEEACTI5K  EQUATION  FOE  YIELDING  SIMULTANEOUS  WITH  FRACIoRE 

-Figure  8  shoys  an  interaction  diagram  developed  al.ig  lines  illustrated 
-above  for  the  interaction  between  the  tensile  mode  of  failure  and  s'.he  fracture 
modi  of  reilure.  Data  obtained  during  the  experimental  program  are  shown  and 
several  intercction  curves  htve  been  drawn  bared  y-  the  equation 


0.8  CTy' 


C.8  or 


(21) 


Equation  (21)  is  an  interaction  equation  for  the  simultaneous  yielding  and 
fractura  of  a  panel  containing  a  fatigue  crack  where 


<tq  =  gross  stress  away  from  the  crack 


c  =■  the  vie id  stress  of  the  material 

y 

,8or  =  an  approximation  of  the  proportional  limit  stress 

y 

.cru  *  ultimate  stress  for  uniaxial  tension  loading 


O"  =  width  adjusted  stress  for  crack  tip  stress  intensity 
l  =  crack  length 

kg  m  the  value  of  stress  intensity  for  unstable 

tear  without  yielding 


o  *»  an  interaction  exponent  to  be  determined  experiment¬ 
ally 

Tha  bracket  notation  ^  ^  is  reasonably  standard  and  indicates  that  the  neg¬ 
ative  values  of  the  bracketed  quantity  are  treated  as  zero,  i.e. 


^-x^  =>  0 

where  x  >  0  ®  =  x® 

In  the  form  presented,  equation  (21)  has  a  discontinuity  at  the  proportional 
limit  and  reduces  to  a  single  parameter  stress  intensity  equation  for  fracture 
when  the  gross  cross  section  is  elastic  (<r  <  .8 cr  ). 

THE  INTERACTION  EXPONENT  m 

»■■■■  — i — — — MW— — I— ■ — —  ■■ 


The  interaction  exponent,  m,  is  a  strain  hardening  sensitive  exponent  and 
can  be  qualitatively  explained  as  two  limits  of  material  behavior  are  ap¬ 
proached. 


These  limits  are: 
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1.  The  elastic  limit  -  A  material  having  the  characteristic  of  a  high 
degree  of  strain  hardening  will  approach  this  limit  as  shown  by  curve 
1  of  Figure  9a. 

2.  The  elasto-plastic  limit  -  A  material  having  the  characteristic  of 
low  strain  hardening  will  approach  this  limit  as  shown  by  curve  2  of 
Figure  9a. 

Interaction  curves  predicting  characteristic  failure  trends  for  materials 
approaching  the  two  above  limits  are  shown  on  Figure  9b.  From  Figures  9a  and 
9b,  it  can  be  seen  that  the  strain  hardening  characteristics  of  a  material  and 
the  interaction  exponent  m  are  related.  A  typical  stress  strain  curve  for 
2024- T3  aiuclnum  is  generally  of  the  type  illustrated  by  curve  2  of  Figure  9a. 
Thus,  agreement  of  experimental  data  for  2024-T3  aluminum  shown  on  Figure  8 
with  a  curve  using  equation  (21)  and  an  interaction  exponent  o  =  %  can  be  seen 
to  be  qualitatively  correct.  In  appraising  the  usefulness  of  equation  (21) 
and  the  qualitative  curves  drawn  on  Figure  9,  it  rauot  be  remembered  that  tha 
proportional  limit  is  also  a  problem  variable  and  shifts  the  region,  of  the 
interaction  diagram  influenced  by  the  exponent  ®.  Thus,  for  a  truly  brittle 
material,  the  proportional  limit  approaches  the  ultimate  strength  and  the 
region  of  diagram  9b  influenced  by  tha  coefficient  m  is  non-existent. 


It  is  believed  that  further  study  of  the  relationship  between  strain  har¬ 
dening  variables  end  the  Interaction  coefficient  m  will  result  in  a  more  quan¬ 
titative  definition.  Until  that  time,  some  useful  qualitative  estimates -of 
interaction  exponents  can  be  obtained  directly  from  examination  of  the  ships 
of  uniaxial  tension  stress  strain  curvss. 


STRAIN  INTERPRETATION  OF  THE 


The  Quantity/ crn  -  0.8  oy  v  can  be  interp:  efced  in  terms  of  gross  strain 


a^JkF.gfrA 
ru  -  0.8  «7y/ 


sway  from  the  crack  es  shown  on  Figure  10.  Figure  10  shows  that  tha  quantity 


represents  a  straight  line  approximation  of' the  fraction  of 


critical  strain  in  the  gross  cross  section  if  elastic  strains  are  considered 


to  be  small  and  ignored. 


In  a 'Similar  sense,  the  fraction 


can  be  considered  to  be  an  approx¬ 


imation  of  the  fraction  of  critical  strain  in  the  form  of  a  concentration  at 


the  crack  tip.  This  requires  the  assumption  that  the  elastic  stress  intensity 
factor  can  still  give  approximations  of  crack  tip  strain  concentration  in  the 
presence  of  general  yielding.  This  of  course,  is  not  true.  The  error  assumed 
in  making  this  assumption  is  accounted  for  in  the  experimental  determination 
of  the  interaction  exponent  which  implies  a  nonlinear  interaction  between  an 


elastic  crack  tip  strain  concentration  parameter  and  gross  plastic  strain. 

This  approach,  while  arbitrary,  does  allow  the  elastic  stress  intensity  factor 
to  remain  intact  and,  in  turn,  makes  association  with  linear  clastic  fracture 
mechanics  somewhat  easier. 
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Using  the  above  strain  interpretation  of  equation  (21),  the  equation  may 
be  restated: 

(Gross  section  strain)®  +  elastic  crack  tip  strain  concentration  =  Critical 

crack  tip  strain. 


CG2PA&IS0N  OF  INTERACTION  EQUATION  AND  NASA  NOTCH  ANALYSIS  EQUATION 


The  NASA  Notch  Analysis  equation  (Reference  5)  has  a  form  similar  to 
equation  (21).  The  interpretation  is,  however,  in  terms  of  stress  rather  than 
strain*  This  equation  can  be  written 


^critical  •=  °n  + 


/ 

\ 
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where  ^critical  ~  critical  crack  tip  stress  (Figure  11 ) 


E«__  «  secant  mouulus  at  the  critical  stress 

ocC 

p*  «  affective  notch  radius 


tr  «  net  cross  section  stress 
r. 

An  approximate  solution  for  the  critical  strain  (e„)  should  be  obtainable  by 
dividing  both  sides  of  equation  (22)  by  Baec  (see  Figure  11)  so  that 


e 


u 


Egec 


(23) 


For  a  wide  panel  in  which  the  differences  between  net  and  gross  stresses 
are  small*  equation  (23)  can  be  stated  as 


critical  strain  *=  £ o  +  elastic  crack  tip  strain  concentra¬ 
te  tlon- 


The  tens  S £  cannot  be  directly  interpreted  in  terms  of  strain.  Further, 


^sec 

this  term  is  continuous  and  significant  for  all  values  of  c rQ  at  failure  above 
and  below  the  proportional  limit.  For  this  reason,  equations  (22)  and  (23) 
cannot  be  reduced  to  the  fracture  mechanics  equation  when  the  gross  cross 
section  stress  is  elastic.  This  lack  of  a  discontinuity  at  the  yield  stress 
or  proportions!  limit  stress  is  regarded  to  be  the  most  significant  limitation 
of  equation  (22),  rhe  fact  that  equation  (2Z)  cannot  be  interpreted  in  terns 
of  strain  parameters  is  viewed  as  a  related  limitation. 


Equation  (21)  does  exhibit  the  required  discontinuity  in  behavior  at  the 
proportional  limit  and  does  have  a  strain  interpretation.  Additionally,  equa 
tion  (21)  incorporates  the  elastic  stress  Intensity  parameter  and  reduces  to 
linear  elastic  fracture  mechanics  form  in  the  elastic  range.  The  interaction 
exponent  o  which  is  required  ir.  the  inelastic  range  of  behavior  is  related  to 


STRESS  (<r) 


FIGURE  11  RELATIONSHIP  BETWEEN  STRAIN  AND  STRESS  VARIABLES 
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strain  hardening  characteristics*  For  these  ;<Asons,  equation  (21),  while 
^till  empirical  in  nature,  is  believed  ts  ^ave  greater  potential  as  a  basis 
for  future  development.  The  eaphaoia  f>r-.  strain  variables  rether  than  stre*3 
should  lead -to  further  ciarific^i^  and  unification  of  theories. 

SUteiARY  OF  THEORYFOB  ^CLASTIC  BEHAVIOR  AWAY  FROM  THE  CRACK  IN  WIDE  GUIDED 
.  -PANELS  '  — - — - - 

1.  fhe  influence  of  gross  panel  yielding  can  be  correlated  in  terms  of  an 
interaction  equation  of  the  form 


r 

°~o  -  0.3°v  j  t 
°u  *  °*8<ry  / 


This  equation  can  be  restated 

(gross  section  strain)®  +  elastic  crack  tip  strain  concentration 
“  critical  crack  tip  strain 

2*  The  interaction  equation  is  discontinuous  at  the  yield  point  and  reduces 

to  the  elastic  stress  intensity  equation  when  <r  <  0.8  <r 

o  y. 

3.  The  exponent  a  varies  with  material  strain  hardening  characteristics  with 
high  values  of  a  corresponding  to  a  high  degree  of  strain  hardening,  and 
low  values  of  a  corresponding  to  low  strain  hardening. 
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VI 


THE  INFLUENCE  OF  PANEL  BUCKLING 


IMPORTANCE 


Considerations  of  fracture  tr.  this  point  have  assumed  that  the  test  panel 
remains  flat  until  failure.  Normal  fracture  mechanics  procedures  used  in 
material  evaluation  studies  use  restraining  guides  to  hold  the  panel  in  this 
configuration.  The  natural  tendency  of  the  panel,  however,  is  to  buckle  in 
the  region  of  the  crack  (See  Figures  12,  13,  and  14).  Typical  dimensions  of 
this  buckled  segment  as  obtained  during  the  experimental  portion  of  the  program 
are  shown  in  Figure  15.  The  strength  reduction  caused  by  buckling  in  2024-T3 
aluminum  panels  can  be  seen  by  comparing  Figures  16  and  17.  The  problem  of 
estimating  the  buckled  strength  of  fatigue  cracked  panels  cannot  generally  be 
resolved  by  testing  of  unguided  simple  tension  panels.  Unguided  test  panels 
with  relatively  large  //w  ratios  show  redaction  in  strength  due  to  buckling 
that  may  not  occur.  Additionally,  engineering  structures  are  often  subject 
to  biaxial  stresses.  This  stress  condition  is  not  obtained  in  test  panels 
except  through  complex  loading  procedures.  Therefore,  an  attempt  at  indirectly 
estimating  the  buckling  influence  through  biaxial  strain  considerations  is 
warranted. 

GENERAL  CONSIDERATIONS 

The  phenomenon  of  panel  buckling  adjacent  to  a  crack  (Figure  15)/  can  be 
easily  explained  in  a  qualitative  sense.  Quantitative  definition  ofthia  buck¬ 
ling  and  its  Influence  on  fracture  strength  is  extremely  difficult.  In  orler 
to  obtain  a  qualitative  understanding  of  these  phenomena,  consider  a  fatigue 
crack  in  a  panel  loaded  as  shown  in  Figure  18.  The  overall  width  of  the  panel 
can  be  considered  to  decrease  by  the  relationship 


where  ■ 


°7  __  e*  v 


(24) 


U  —  Poisson's  ratio 

ex  r*  strain  normal  to  the  load  direction  and  parallel  to 
the  crack 

aQy  a  gross  panel  screas  away  from  and  normal  to  the  craLk 


xf  the  panel  is  to  remain  flat,  the  portion  of  the  width  directly  above  the 
crack  must  decrease  by  the  amount  ex/.  Since  no  load  can  be  transmitted  in 
the  y  direction  across  the  crack,  the  transverse  shortening  due  to  the  Poisson 
effect  is  not  present.  There  are*  however,  compressive  components  of  stress 
acting  toward  the  center  of  the  crack  and  parallel  to  the  crack  (Figure  18) 
which  tend  to  force  the  panel  segments  above  and  below  the  crack  to  shorten  by 
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FIGURE  12  BIXJKLINC  PATTERN  SEQUENCE  (NORMAL  TO  PANEL  FACE)  FOR  30  INCH 
WIDE  X  .032  INCH  THICK  2024-T3  ALUMINUM  PANELS 


or  =  10.9  ksi 
i  *  5  INCHES 


<70  «  21  ksi 

i  »  +  5  INCHES  (START  OF  TEAR) 


«rn  =  17.7  ksi 

l  =*  +  5  INCHES  (START  OF  TEAR) 


«r0  =  26.5  ksi 

/  »  +  5  INCHES  (START  OF  TEAR) 


FIGURE  14  BUCKLING  P,  HERN  SEQUENCE  (NORMAL  TO  PANEL  FACE)  FOR  30  INCH 
WIDE  X  .08  'NCH  THICK  2024-T3  ALUMINUM  PANELS 
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t  -  CR/CK  LENGTH 


X 


FIGURE  1 


croy  =  GROSS  STRESS 
w  =  LOAr~0  PANEL  WIDTHS 
w0  =  UNLOADED  PANEL  WXBtK 
M  »  POISSON  RATIO 


ILLUSTRATION  or  STRESS  AND  STRAIN  IN  k  FATIGUE  CRACKED  PANEL 


the  amount  *  .  The  distribution  of  sferaiu  parallel  to  the  crack  in  tk-sse  stg- 
aet  t*  -  ill,  iiowaver,  not  ba  unifona  and,  is  general.  not  eqsal  to  the  Poisson 
induced  strain  remote  fr'*  the  creek,’  The  resulting  stresses  end  strains  in 
the  segment  of  the  panel  above  end  below  th^  crack  can  be  considered  as  those 
in  e  plate  segment  restrained  on  the  ^eundariog  except  for  one  straight;  and 
free  edge  which  correspond*  to  the  crack.  Sftteusa  the  load  is  being  applied 
parallel  to  tbie  free  edge,  the  amount  roaprassiou  that  can  be  induced  is 

limited  by  the  itiffneas  of  the  pansl  Thus,  when  die  change  in  dimen¬ 

sion  ***y  from  the  crack  exi  is  equal  to  6W*e  limiting  value  which  corresponds 
to  the  critical  buckling  displacement  of  £he  panel  segment,  the  free  edge  of 
the  crack  will  start  to  buckla  from  the  fist  plane*  For  values  of  ex/  in  ex¬ 
cess  of  thie  critical'  value,  the  corresponding  change  in  length  measured  along 
the  edge  of  the  crack  should  be  equal  to  the  critical  displacement  for  buck- 
.lng  plus  a  component  of  displacement  resulting  fros  the  buckling  of  the  panel 
segment. 

The  above  relationship  between  buckling  displacement  adjacent  to  a  crack 
and  the  corresponding  displacement  away  from  the  crack  should  also  be  generally 
applicable  to  conditions  of  biaxial  stress.  ?os  biaxial  stress,  the  strain 
away  free  and  parallel  to  the  crack  can  be  determined  by  considerations  of 
plana  atreas  and  strain 


For  th/t'ease  of  uniaxial  tension  discussed  above,  ,r  »  0. 

ox 

COUati  ANALOGY  FOR  CVlMJL  BUCKLING 


Correlations  of  the  observed  beginning  of  buckling  in  202&-T3  aluminum 
were  made  based  on  the  assumption  chat  the  critical  buckling  strain  adjacent 
and  parallel  to  the  crack  will  be  equal  to  the  corresponding  strain  away  from 
the  crack.  An  expression  for  the  critical  buckling  strain  was  derived  from 
the  equation  of  a  column  on  an  elastic  foundation*-’. 


where 


Pj  **  critical  column  load 
c  *  spring  constant  for  eleetle  restraint 


(25) 


When  c  -  Q,  equation  (25)  reduces  to  tba  faeilia*  Euler  buckling  equation  as 
suggested  by  Reference  20.  Equation  (25)  can  be  presented  in  terms  of  critical 
buckling  strain  eg  by  dividing  both  sides  of  the  equation  by  c’n$  product  of 
Young’s  tcodulus  (?)  and  the  area  (A) 

2  BI  M2 


B 


A2 


(26) 


For  the  case  of  uniaxial  Saxt-sion  whore  eg  is  equal  ta  the  corresponding  strain 
away  from  the  creek,  equation  (26)  car.  be  writtsn 


vV-fir/vKIHOM  p-ETWEES  FKST  I <A  I'A  AND  A  SIMPhE  F.U1.KK  COLUMN 

Considering  the  cluStW  support  parameter  (c)  to  be  negligible,  equation 
(2?)  c;  be  expressed  lor  a  unit  width  o l  a  wide  column  as 


where 


y(g*«ina)  a  lumped  multiplying  parameter 
to  be  determined  experimentally 


(28) 


Using  equation  (28),  values  of  gamma  can  be  selected  to  correspond  to  the 
observed  buckling  instability  at  longer  crack  lengths  in  .012,  .063,  and  .030 
inch  thick  202*-T3  aluminum.  The  results  are  shown  on  Figure  19.  The  agree¬ 
ment  between  equation  (28)  and  the  observed  buckling  in  .013  inch  thick 
aluminum  can  be  se'n.  The  tack  of  agreement  for  .063  and  .080  inch  thick 
material  can  also  be  seen.  Since  it  is  possible  to  shift  the  divergence  to 
long  crack  lengths  rather  than  short  crack  lengths  by  changing  the  value  of 
gamma  selected,  no  particular  significance  is  attached  to  the  crack  lengths  at 
which  the  divergence  occurs  en  Figure  19.  Further  attempts  to  modify  the 
single  parameter  approach  of  equation  (28)  by  modifying  the  exponent  of  &  will 
not  significantly  Improve  the  overall  correlation. 


If  it  is-  sssyj&ed  that  the  reasons  for  divergence  from  equation  (28)  result 
from  the  fact  that  the  elastic  restraint  provided  the  assumed  column  segment 
is  not  negligible,  then  a  limit  can  be  established  for  the  use  of  aquation  (281 
provided  the  nature  of  the  elastic  restraint  can  be  defined.  Because  of  the 
complex  nature  of  the  stress  distributions,  the  extent  of  the  buckled  region, 
and  boundary  restraints,  a  dirset  assessment  of  c  is  difficult.  It  can  be 
expected  that  c  will,  in  fact,  not  be  a  constant  as  suggested  in  equation  (27), 
but  it  will  vary  directly  as  El  and  inversely  as  some  function  of  Jb  .  Examina¬ 
tion  of  the  data  trends  as  shown  in  Figure  19  would  seem  to  confirm  this 
conclusion.  It  would  appear  an  empirical  criterion  limiting  the  use  of 


equation  (28)  to  values  of  isl  <  11  ksi  is  justified  until  more  can  be  learned 

7 *  2 

about  the  problem.  The  curve  Et  _  11  ksi  is  also  shown  on  Figure  19. 

7 } 


PARAMETRIC  STUDY  OF  8UCKLXKG  BEHAVIOR 


Because  of  the  above  difficulties  associated  with  definition  of  c  and  also 
in  associated  difficulties  with  defining  variable  behavior  in  the  second  "Euler'' 
term,  an  attempt  at  t  direct  solution  of  equation  (25)  or  a  more  complex  plate 
model  does  not  appear  justified  provided  a  parametric  me-'is  of  data  reduction 
can  be  found.  Applicable  parameters  can  b*  found  by  reducing  Equation  (25)  to 
dimensionless  fc«a!9t 
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From  aquation  (27),  *  •>  dimensionless  parameters  are  available:  /n/ceT,  and 

If  constant*  chat  are  not  significant  disansionally  are  ignored  in 

equation  (27),  a  similar  sat  of  paramatars  could  be  defined  as 


,/ST 


In  equation  uO),  neither. c  no  can.be  adequately  defined.  By  multiplying 

A 

the  two  quantities  of  (30)  by  -  V^~  respectively,  and  assuming  that  * 


the  ratio  —  *  1  ?  the  parameters  of  (3(§  ars  reduced  to 
c 


i 

Figure  20  shows  the  collapse  of  data  fro*  Figure  19  along  with  data  obtained 
during  the  study  of  titanium  panels.  Good  correlation  can  be  aaan.  The  two 
empirical  parameters  of  equation  (31)  eliminate  the  need  to  define  separate 
multiplying  parameters  for  etch  material  as  vie  seen  necessary  in  the  use  of 
equation  (28)  (Figure  19).  Slues  the  data  correlated  represent  5  thicknesses 
and  two  values  cr  Youngis  modulus,  ganaral  applicability  of  the  correlating, 
parameters  can  be  i^sumed  for  values  of  Et^  between  7.2  ksi  (in.*)  and  85.9  ksi 
(in.*).  Figure  21  shows  the  correlation  of  the  data  sf  Figure  19  with  curvet 
obtained  by  use  of  the  average  buckling  curve  of  Figure  20.  Seme  divergence 
in  behavior  can  be  ssan  in  the  .080  inch  thick  aluminum*  Until  further  evalua¬ 
tion  of  possible  relationships  for  the  -elastic  support  of  the  crack  can  be 
studied,  the  curve  shown  cn  Figure  2G can  provide  a  means  of  estimating  the 
onset  of  bulbil Sot  vtri*olcs  of  the  rgnge  reprasecitd. 


Panel  buckling  can  be  xijtsad  to  *y zeur  the  strain  iv**y  from  and  pAt- 

aliei  to  e  fatigue  crack  aaceeda  the  critical  buckling  strain  of  tl»  panel  aeg- 
isentb  vbevo  aad  feblej?  the  *£ack.  this  critical  strain  level  can  bp  computed 
litisjg  the  stress  levels  ept&inad  fro*  Figure  50  if  lejsgth>#iaii  panel 

gao&atry  are  ko&ws,  Afcsr  panel  hackling  pc curs,  the  total  required  shorten¬ 
ing  of  the  panel  se^saata  shove  sad  talow  the  ersefe  it  mase  up  of  twe^arts* 
the  critical  buckling  displicsmast  a  coa^onent  of  ciaplissjs&st  resulting 
from  the  infliction  of  the  pc&el  segment  f sre»  a  flat  ^Isne. 


BUCKLING  PaRaMETER 


TOTAL  CRACK  LENGTH  si)  JM  IKCRgS 
riGim  11  COK?A*.IS(*'  OF  THS  aSlXHINC  OF  SUCKLX&G  IH  20  I#CH 

\nm  2024-T3  aubssrm  faksls  with  cuives  defined 
s>:  i? 


n 


Results  obtained  during  the  experimental  portion  of  the  program  (Table  19 
and  Figures  12,  13,  and  14)  showed  that  the  characteristics  of  the  buckle 
measured  in  the  plane  of  the  unloaded  panel  did  not  appreciably  change  from 
that  shown  on  Figure  15  as  the  load  was  increased.  Thus,  it  can  be  reasonably 
assumed  that  the  characteristics  of  the  buckled  crack  will  show  parallel  trends 
to  so©*  easily  ©assured  quantity  such  a*  the  center  line  displacement  of  the 
crack  free  a  flat:  plane.  In  this  manner,  strain  parallel  to  and  away  from  the 
crack,  tlie  critical  buckling  strain,  centerline  deflection  of  the  crack,  and 
strength  reduction  can  be  interrelated. 


where 


f  <«i 


=  SBl  =  (O',)  B. 


<7g  =  Groas  panel  stress  corresponding  to  the  critical 
buckling  strain 


<r0  «  Gross  panel  stress 

8=  Deflection  from  a  flat  plane  measured  at  the 
center  of  the  crack 

<*2  **  Stress  at  the  beginning  of  unstable  tear 

Bj  and  Bj  =  Constants  to  be  determined  experimentally 

From  equation  (32)  dimensionless  parameters  for  data  correlation  can  he 
defined: 


f  («c  -  <*b}  »*«*  J- 


Fijsure  22  shows  a  correlation  of  measured  centerline  displacements  for 
cracked  panels  in  terms  of  the  above  parameters.  Scatter  i n  data  at  the  lower 
range  of  values  of  p/E  (o"j  -  cr^)  can  be  contributed  in  part  to  the  increased 
influence  of  error  in  computed  values  r£  cr  .  From  Figure  22,  qualitative  agree¬ 
ment  between  the  correlating  parameters (33)and  equation  (32)  indicate  that  it 
should  be  possible  to  correlate  strength  reduction  trends  observed  to  occur  as 
a  result  of  buckling  with  the  parameter  pft  (  cr0  -  cr_).  This  correlating  para¬ 
meter  can  also  be  interpreted  for  conditions  of  biaxial  stress  for  structural 
applications . 

THE  XflFI/JEKCE  OF  PAKEL  WIDTH  ON  BUCKLING  DISPLACEMENTS 

Before  proceeding  to  the  correlation  of  strength  reduction  resulting  frcrc 
buckling,  a  qualitative  under«t«r.ding  of  the  influence  of  panel  width  on  buck¬ 
ling  of  a  crack  must  be  obtained.  Referring  to  equation  (26),  and  Figure  15, 
buckling  of  penal  segments  above  and  below  the  crack  risuit  in  a  corresponding 
damped  buckling  pattern  beyond  the  ends  of  the  crack.  This  buckling  petterr. 
is  analogous  to  the  damped  displacements  of  a  continuous  column  (or  beam)  or. 
an  clcstic  foundation  as  implied  by  equation  (27).  If  th*s  dtmped  buckling 
pattern  is  terminated  at  l  free  edge  before  the  pattern  has  progressed  far 
enough  away  from  the  crack,  a  significant  reduction  in  the  Duckling  restraint 
of  the  segment  of  panel  above  and  below  the  crack  could  result. 


INFLECTION  PARAMETER 


a  ,(,««»•  vaj-  n  .«■»  •  •  wmh  *«•«•*  — —  -  . . *  •  >  v,  .H'iV  ’jv. 


In  Figure  23,  the  relationship  between  the  beginning  of  buckling  end  the 
stress  away  frost  the  crack  for  12- inch  wide  2G24-T3  aluminum  is  compared  t«. 
curves  representing  behavior  of  20- inch  wide  panels  taken  from  Figure  21.  The 
beginning  of  buckling  can  be  seen  to  occur  at  Lower  stress  levels  in  the  .060 
inch  thick,  12-iacb  wide  panels  than  would  be  expected  from  measurements  made 
on  the  same  crack  Ivngths  in  20- inch  panels.  The  stress  at  which  buckling 
occurs  in  .032  and  .063  inch  thick,  12- inch  wide  panels  is  the  same  as  that 
obtained  ic  the  20-inch  wide  panels.  This  would  indicate  chat  the  length  of 
the  buckle  pattern  (wave  length}  can  be  expected  to  increase  with  Increased  £tz 

In  order  to  demonstrate  this  interpretation  of  the  buckling  pattern  in  the 
laboratory,  the  buckle  in  12-inch  wide  panels  wa*.  forced  from  side  to  side. 

A  visible  corresponding  Change  in  the  displacement  of  th*  free  edges  of  the 
panel  was  seen. 

Since  the  manner  in  which  the  panel  width  influences  buckling  is  di  .ferent 
£tq£  £h£  sesser  in  vfeicb  width  influences  the  strength  of  guided  panels .  the 
two  width  influences  should  be  considered  soparately.  Thus,  there  aty  still 
be  buckling  width  influences  on  strength  in  panels  whose  width  is  sufficient 
to  allow  elastic  stress  Intensity  parameter  correlation  when  the  panel  is 
guided. 


THE  arureseg  OF  FJCKLIKG  OS  THE  STRESS  HtfglSITY  FOR  UNSTABLE  TEAS  (k,?  IN 
WIDE  PANELS 

Froa  Figure  17,  the  strength  reduction  in  unguided  panels  from  that  in 
guided  panels  (Figure  16}  can  be  seen.  In  wide  panels  the  range  of  crack 
lengths  between  3  end  6  laches  show  s  strength  reduction  due  to  buckling  froa 
an  average  stress  intensity  cf  80  ksi  V^n. in  guided  panels  to  an  average  stress 
intensity  of  74  ksi  VGi7  in  unguided  panels.  For  longer  crack  lengths,  the 
Stress  intensity  at  the  beginning  of  unstable  tear  is  further  reduced  to  an 
average  value  of  about  62  ksi V in.  A  trend  of  increasing  stress  intensity  with 
increasing  thickness  Is  noticeable  in  unguided  panels.  Figure  17.  This  trend 
was  not  apparent  in  guided  panel  data  (Figure  16).  Representative  stress  in¬ 
tensities  for  crack  lengths  between  3  and  6  inches  (Figure  17)  were  found  to  be 

t  **  .032  inches  k  *  66.5  ksi  V  in 

t  *  .063  inches  k  **  73.5  ksi  -/  in 

t  «.080  inches  k  *  76.0  ksi  -/  in 

These  trends  could  be  the  result  of  buckling  and  che  differences  of  the 
quantity  £_  (gr  -  &  )  where  <r_  increases  with  the  square  of  the  thickness. 

g  N  o  B 

A  study  of  the  quantity  B.  (o^  - «r  )  £or  the  assonption  that  the  beginning 

*L> 

of  unstable  tear  would  occur  at  constant  stress  intensity  in  2024-T3  a luminum 


STRESS 


shows  that  (  <r0  -  erg)  would  he  a  near  constant  for  a  given  thickness  over  the 
entire  range  of  crack  lengths  froa  3  inches  to  10  inches  (the  curves  of  criti¬ 
cal  buckling  stress  6nd  the  curves  of  constant  stress  intensity  are  very  close 
to  parallel  in  this  range).  Froa  the  observed  critical  stress  intensities,  a 
sinilar  study  shows  a  near  constant  {<r0  -  <Xg)  between  crack  lengths  of  3  and 
§  laches  and  lover  values  for  crack  lengths  greater  than  6  inches.  These  ob¬ 
servations  are  in  line  with  assumed  cc-nstsat  relationship  between  j|  {aQ-  erg) 

ted  the  reduction  of  the  stress  intensity  at  the  beginning  of  unstable  tear. 
The  reduced  stress  intensity  for  unstable  tear  at  longer  crack  lengths  can 
aost  probably  bfc  accounted  f or  in  tens*  of  a  width  influence  on  buckling  be¬ 
havior-  However,  the  possibility  of  a  discontinuity  in  behavior  fros  sorae 
other  cause  cannot  be  entirely  ruled  out. 

Until  such  tias  as  further  investigations  are  sade,  it  can  be  assumed 
that  the  additional  strength  reduction  sc;^  ct  long  crack  lengths  in  vide 

a/j  nawa ^ ^  Ajm  •  y£/jfK  aa«a<  Hya  wKan^wt^grtn  f  T)»$  pOttiO!:  Of  F I  '  ; 

vfcicfc  b*s  in  terns  of  application  to  reinforced  structure  is,  there- 

fore,  the  crack  length  range  between  3  inches  and  b  inches.  A  crack  length 
of  6  inches  roughly  corresponds  to  a  //v  of  1/3  in  20-inch  wide  panels. 

Ic  is  interesting  to  note  that  it-  the  20-incfc  wide  panels,  the  buckling 
width  influence  teeu  to  become  effective  over  a  narrow  range  of  crack  lengths 
for  ell  thicknesses,  Figure  17.  This  would  indicate  that  the  relatively  large 
differences  noted  in  the  beginning  of  buckling  (Figure  23)  as  a  function  of 
width  snd  thickness  1*  cot  carried  over  into  the  width  influence  on  V2.  Phy¬ 
sically,  this  probably  scans  that  *he  total  shortening  parallel  to  the  crack 
at  k2  ia  *****  *°d  <****«£*»«*  ia  the  critical  buckling  displacement  arc  thus 
not  a  major  consideration  in  determining  the  buckling  wave  length.  Based  on 
observations  of  2024-T3  aluminum  a  Uniting  value  of  //*  =  i/3  can  be  assumed 
for  the  buckling  influence  on  strength  for  the  thickness  range  considered. 

corresponds  rosghly  to  one  buckling  wave  on  each  side  of  the  crack  with.n 
the  iouacarias  or  the  panel. 


The  influence  of  buckling  on  the  stress  intensity  at  the  beginning  of  un¬ 
stable  tear  In  narrow  panels  can  fee  sssessed  by  assuming  that  the  total  width 
Influence  ie  seperated  into  «  two-dimensional  stress  cud  strain  influence  which 
should  be  cloae  to  that  seen  in  guided  panels  (Figures  3,  4,  and  5)  and  ♦ 
buckling  width  influence  similar  to  that  seen  in  Figure  17. 

In  12- inch  wide  panels  (Figure  24)  the  buckling  width  influence  on  the 
stress  intensity  st  the  beginning  of  unstable  test  starts  near  a  crack  length 
of  4  inches.  This  is  approximately  the  *ase//w  ratio(//v«l/3)  as  that  oh- 
served  in  2d- inch  wide  panels.  A  comparison  of  the  stress  intensity  in  guide* 
and  unguidsd  12- inch  wide  panels  slows  a  change  in  average  stress  intensity 
fre*  67  ksi  vTn.  to  57  ksiVSLfor  crack  lengths  unaffected  by  either  gross 
section  yielding  or  a  by ck ling  width  influence. 

Data  fros  the  9- inch  panel  tests  shewed  no  distinct  range  of  crack  lengths 
for  strength  reduction  due  to  buckling  without  a  buckling  width  influence. 

This  is  due  to  the  fact  that  the  minimus  crack  lengths  which  result  in  fracture 
without  general  yielding  i*  nasrly  1/3  of  the  panel  width. 


WIDTH  X  THICKNK 


S3  ^  ^  <~i 

us  rz  so  po  *c 
z  o  o  o  o 
o  •  •  *  • 

£  K  K  >$  K 
55  rsi  ch  cs  «N 

fMC  •“<  •— <  »— < 

I  5  I  i 

-fef  po< 


L  J 


HD«i/\m  si  (^)  mssiasi  ssms 


47 


CIS.  Abo. 


•  ..  i-w*  ,  -  ’  juid  sppar.r  that  die  seres*  intensity  at  the  begin- 

c?h  unstable  tear  will  show  e  ;  ukling  width  influence  whenever  ^/wjr  1/3* 
Considerably  tsore  work  nsjst  be  done,  however,  before  any  general  -quantitative 
e s t ini t c s  cen  bs  sade  regar^ij^g  the  variance  of  p«TM  1  strength  as  s  function 
of  bu~klirv&  in  trther  wide  or  ncr? T-?  panels . 


IaE  IKFhUgtCE  OT  BCCKIIKC  OK  TEE  STRESS  ^-‘TESSldY  FOP  UNSTABLE  TEAS  <k^>  WITH 
GS£tSS  SEolICgi  STRAIN  ABOVF  THE  FrCPOSTI  OKaCTeFIT 


It  is  ditfievit.  to  2Je  any  influence  of  oucklirg  on  the  strength  of  crack 
less  than  3  inches  in  length  in  2QS4-T3  alsniauB  of  the  thickness  range  shown 
^  ^ i S’- re t  t6  sad  i7 .  It  car  be  expected  the-  the  strains  away  free  and  par¬ 
allel  to  the  creek  will  in  Croatia  core  rapidly  with  gross  stress  when  the  gross 
section  is  stressed  shove  to*  proportional  licit-  This  is  due  to  the  fact 


f*  •  ►  S»S  4  M  As*^tl1s1  - ? 

vv  W+X&  ««ar  A.vs,  i.u 


Click  will  be: 


ex  * 


py 


(34) 


=  total  strain  in  the  x  direction  (parallel 
to  the  crack) 

P  -  Poisson's  retie  (approximately  1/3) 

*  gross  stress  away  frost  critck 
2  «*  Young :  s  raodulrs 

ftp  *  Poisson's  ratio  for  plastic  strain 
(aprr'jxiaately  1/2) 

*py  *  plastic  strain  in  the  direction  norsal 
to  the  crs»ck 

Assuming  the  strength  redaction  for  a  given  crack  letjgth  varies  as  e„5  re¬ 
duction  in  strength  du t  to  buckling  night  be  expected  to  exceed  that  of  the 
elastic  range-  This  influence  is  asatnvtc  in  the  construction  of  Figure  25 
which  shows  an  interaction  dlegrgs  of  tbo  type  shown  in  Figure  8.  Figure  25 
is  identical  to  Figure  8  with  the  exception  that  for  the  purpose  of  developing 
the  .Interaction  curves,  the  stress  intensity  for  the  beginning  of  tn-stsble 
tear  with  elastic  behavior  away  fro*  the  crack  bes  been  assumed  at  an  average 
value  for  ail  thicknesses  as  -93  tises  the  stress  intensity  for  the  beginning 
of  unstable  tear  is  guided  panels-  Data  whose  crack  length  to  pane-  width 
ratio  is  greater  then  1/3  has  not  been  shewn  ra  Figure  25. 

S345A2Y  0?  THE  BTFLEENCES  07  PAKEL  SKXUSG 

.  -  ■!  Wq— — —  —  —  ■  C  .l~  —  !■■■■■■ ■■, 

1.  The  phenomena  of  buckling  of  panel  sa^senfcs  above  and  below*  a  crack  which 
is  nomal  to  an  applied  uniaxial  tension  loading  can  be  qualitatively  ex¬ 
plained  by  considering  the  Poisson  affect  and  the  resulting  strain*  par¬ 
allel  to  and  raseote  free  the  crack . 

2.  Tho  culling  ox  the  panel  segsents  above  end  below  the  crack  can  be  pre¬ 
dicted  by  ^  s leg Is  curve  for  values  of  Et2  between  approximately  7  and  70. 


mis  curve  is  based  co  the  empirical  correlating  parameters  as  f.llows: 


/ 


3.  Buckling  deflections  and  reduction  of  the  stress  intensity  at  the  begin¬ 
ning  of  unstable  tear  will  vary  as  the  difference  between  the  strain  away 
iron  and  parallel  to  the  crack  and  the  critical  buckling  strain  of  the 
panel  sogsent  adjacent  to  the  crack. 

4.  The  influence  of  panel  buckling  «?n  the  stress  intensity  at  the  beginning 
of  unstable  tear  is  nearly  constant  for  the  elastic  range  of  behavior  for 
values  of  J'fv<  1/3  in  2024-T3  aiuainaa.  For  values  of  J^/v>  1/3  further 
reduction  in  stress  intensity  occurs. 

5.  The  influence  of  buckling  varies  with  panel  width  in  narrow  panels. 

S.  In  2024-13  alnoinss,  the  reduction  in  stress  intensity  at  the  beginning 
of  unstable  t wc  resulting  frees  buckling  is  not  seaa^rable  in  the  range 
of  crack  lengths  viare  unstable  tear  occurs  with  gross  panel  stresses 
above  the  proport ir-nal  lisit  of  the  material ,  A  snail  increase  in  buck¬ 
ling  influence  is  probable,  however,  as  the  strain  parallel  to  the  crack 
should  increase  acre  than  in  elastic  behavior. 

7.  Because  of  the  observed  constant  influence  of  buckling  on  the  stress  in¬ 
tensity  for  unstable  tear  in  2024-T3  aluaigaa,  the  interaction  between 
gross  section  yielding,  panel  buckling  and  fracture  say  be  handled  in  the 
sane  way  as  the  interaction  between  gross  section  yielding  end  fracture 
in  guided  panels  with  the  exception  that  a  reduced  v*lue  of  the  constant 
stress  intensity  for  unstable  tear  asst  be  used. 
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VI I  STABLE  TEAS 


'QvPORXr  .E 

In  relatively  ductile  saterials  suck  as  2524-13  ejLuainus  sod  titetsius 
£Al-lHo-IV,  appreciable  ssounts  of  stable  tax  unstable  tear*  If  the 

condition  of  first  unstable  tee:-  it  used  is  *  esi^eiz-i&n  for  the  cltisate 
strength  of  a  fatigue  cracked  pin  el ,  then  an  of  tVe  asotrst  of  stable 

tear  preceding  the  unstable  crac.  length  is  segued*  Vlthw i t  an  astiaate  of’ 
the  amount  of  stable  tear,  it  is  soc  possible  io  detersirje  the  e.tress  at  which 
failure  will  occur  for  a  giver,  initial  cracr  length- 


CEHE5AL  CCKSIDZXATaCKS 


rreviou s  discussion  of  variance  in  seres*  intensity  cannot  be  easily  In¬ 
terpreted  to  yield  changes  in  slow  tear  characteristic*-  A  change  In  stress 
intensity  can  take  place  through  either  changes  in  stress  or  crack  length,  or 
s  coabin«tion  of  the  ts to.  Thus,  differences  in  the  stress  intensity  at  the 
beginning  cf  unstable  tear  for  guided  and  unguided  panels  does  not. indicate 
whether  these  changes  are  predominately  the  result  of  changes  in  stress  or 
crack  length.  Figure  26  »hovs  typical  tear  behavior  of  glided  and  uegnided 
2024-T3  panels.  Stellar  slow  tear  behavior  was  found  i©  titaniues  8Al-Dio-lVh 
Tear  behavior  of  this  type  was  also  shews  to  occur  In  2024 -T81  alusinuK  acd 
Ah  350  CET  and  AM  355  CK  steel15. 

Stable  tear  was  explained  in' Section  IV  is  tern  of  an  effective  notch 
radius  p*  that  increased  as  plastic  deformation  adjacent  to  the  crack  tip  fri-  - 
creased  (equation  (3)}. 


During  stable  tear,  the  crack  tip  strain  was  assessed  to  be  at  some  eliri- 
wate  value  e^.  Additional  increases  in  stress  intensity  accoepanied  by  stable 
tear  was  considered  possible  only  with  corresponding  increases  in  f?  (equation 
(6)}  -  - 

&  d(<f£*>  «uE  d  ; 


Fro*  s  study  of  the  stable  tsar  behavior  under  incremental  loading,  the 
general  nature  of  the  dependence  of  &  on  change*  la  stress  asd  crack  length  . 
can  be  deduced.  If  an  additional  Inc  resent  of  loading  is  applied  to  a  panel 
containing  a  stable  crack  whose  crack  nip  strain  is  ey,  tear  will  start  and 
continue  with  mm  increase  ic  length  to  *  new  stable  configuration.  It  diu 
thus  be  saea  that  increase  in  &  it  predtsisataly  dependent  upon  changes  in  - 
length.  '  .  - , 
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THE  SSIATICSSEIf  BETVFg*  TH£  A^CThT  OT  StASU!  TEAR  AhT  THE  Dill. 
LZJfCIH  JK  VIDE  PASZLS 


In  vide  pine  Is  of  2G'2£— T5  siusirnn,  there  is  &  trend  of  increasing  accents 
of  stxMe  tear  with  Creasing  initial  crack  length  (Figure  2'}.  Jk>  corres¬ 
pond  ir,-;  increase  in  stress  intensity  (k-)  occurs  (Figures  16  end  1?}.  SinlLer 
beha%‘or  was  observed  in  C ' ter.iun  Sa1-IHo-1V  (Figure  28).  Figure  28  represents 


:vc  ..ecs  c: 


titsciuu;  thus. 


si^ 


1 finance  cen  b 


•s  arcac 


eccurriyg  as  a  function  of  thickness.  Fros  the  tr ends  observed  (Figures  27 
and  28)  it  is  suggested  that  the  mcsmt  cf  stable  tsar  in  vide  cnrc Enforced 
pane?  s  be  estimated  as  a  fraction  of  the  initial  crack  length  (£? ) -*■ _  rcr  ex¬ 
ample,  the  critical  unctcble  crack  length  (X)  con  Id  be  vrittar.  for  scieed 
panels  of  2G24-T3  aiirsintss  (Fisture  29)  as 


JL\  4  w 

it  ~JL  i  ~  0.j3  =1.33  ^ 

and  the  critical  sties*  Intensity  could  be  written 

kj  ”  ^  (1*33  =  <?  (1.33 

T  S 

k2  =  *  =  (36) 

4-  initial  crack  length 

•rhere  -*> 

s  *  y  1  -r  £a0J£^-  =  constant  for  a  given  material  and 

condition  of  lateral  heckling  restraint 


of  fatigue  cracked  panels  frog  a  gives  initial  crack  length  t*  in  tt  vice  easel? 
Ibis  procedure  appears  equally  applicable  to  guided  and  ufiguided  panel* 

25E  BJEI/lTXCSSEIP  gHSflgg  THE  SSEEST  CF  SSSIAB1X  33A£  ASS?  IM.TIA2-  CSftClC  133iSfS 
ig  KAggQg  PASEIS 

The  stable  tear  of  cracks  is  earn**  panels  »*  found  to  be  significantly 
less  than  that  of  vide  panels.  This  could  be  accounted  for  is  part  by  she 
vidth  dependence  of  toe  gate  of  change  of  stress  intv  iiiy  (esjuatfc®  8)*  Sev- 
ever.  In  as  attest  te  construct  curve*  of  >h*  type  shown  in  Figure  2a.  it  au 
apparent  that  the  differences  in  us  stable  crack  length  could  not  be  entirely 
accounted  for  by  cangency  considerations.  Each  width  appeared  to  have  its  own 
set  of  tear  versus  crack  length  carves.  Because  of  this  observed  decrease  is 
stable  tear  vith  vidth,  in  both  2G24-T3  slatiga  ?ad  titanic s  SAl-iSo-l?,  it 
was  concluded  that  tear  studies  applicable  fee  reinforced  panels  could  only  he 
obtained  fres  re  1st'  _iy  vide  panels*  Additionally,  Acd  what  sight  prove  tc 
be  ef  utaost  importance  in  considerations  of  delayed  fracture  la  titanic,  it 
is  possible  chat  delayed  fracture  studies  in  narrow  panels  could  lead  to  false 
as  to  the  severity  ef  the  probies  as  it  pertains  ti  v'de  and  re¬ 
inforced  panels. 
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VTO  SYHTKESIS  OF  STK£HG7K  IKFLUENClsS  PARAMETERS  FOR  VXDB  PAKEL: 


The  influences  of  gross  section  yielding  sad  panel  buckling  on  tfax  stress 
intensity  for  the  beginning  of  stsblc  tear  la  vide  unreinforced  asnels  azn  bf 
collected  and  presented  in  a  single  diagram.  This  disgrae  can  sidle  the  over¬ 
fill  understanding  of  the  relationship  hctvaeo  strength  influencing  variables > 
The  dicgrss  is  &  tbree-diesnsional  representation  with  two  of  the  axes  rep* 
resenting  an  interaction  diagrra  of  the  type  shown  in-F*sures  8  and  25.  The 
third  ata-*  is  the  panel  £fv  ratio  tshich  denote*  the  iiait  of  crack  lengths  for 
buckling  width  influence  1/3.  This  diagram-  is  shown  in  general  fora 

in  Figure  29.  For  convenience  of  discutaion-  tones  of  behavior  are  designated 
on  this  diagram  as  follow* j  -  ' 


-  a 


Zone  I 


Short  Cracks  -  The  beginning  of  unstable  tear  (<r  }  oecu rring 

due  to  a  casbijsartioE  of  fracture  and  gross  section 
yielding.  Inc  suggnftad  equation  for  predicting 
the  stress  intensity  at  the  beginning  of  unstable 
taar  la  -  '  .  *  '  <-:  -  - 
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Zone  II  Xstess*dlat«  C racks  -  The  beginning  of  .unstable  ,t**r  _'Occar*.  £gre§g 

gross  panel 

f luenca  pf  pe^ii  buckling  c^-^^aw^Tj''1  ~  "l“ .  _ 
vitk  the  fg 

stable  tsar  ccOTJ^osdi^lj -ifeis,; 
panels.  The  euaatity  ‘ 


■  negative,,  and,  tfe&s,  aaaw^ras^«^^^r;iba£ 
equation  ~$&t;  predicting  anatabii-t^r  ‘  it 
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Zone  III  Lor.$  Cracks  -  Oratks  with  length.  *£  panel  videfa 


:7era»? _  __ 

Tb'ia:;frnc*»r*if 


the  strain  intensity 

ancc  of  pana^-width;  oarhuskliitg.  ______  __  _ 

.  co&o  is  tu  be  expected  only  in  cprelcferw^-pe^el* 
*s«,  not  of  -inters^: 

structural  prcbUss  i 


--»iS 


The  teat  data  for  202£->T3  sIcnimuB  teem  Figures  1?  and  25,-;is'  st^waviar^  .y?- 
Pigure  30.  Figure  30  along  with  curves  of  the  ty?$  above  on '/Igajees  3,  A,  -and^ 
5  can  provide  tJu  r^^ijred  understanding  of  tse  atfHJgth  --; 

influencing  variables*  In  plotting  Figure.  30,  small  variances  in  ihp  afcfcg**  ••:£•. 
intensity  at  the  unstable  crack  length  with  sfcic^*s./WM.  .... 

ctparate  hj  vkiues  for  each  thickness*  Alio,  to*  Halt  vatiinc*  in  fizld 
stress  and  ultimate  stress  were  incorporated#  These  refinements  jeers  not 
considered  in  construction  of  previous  figures* 
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VI n  SYNTHESIS  OF  ST2SKGTH  INFLUENCING  ?ARA«mRS  ?Og  VIDE  PASELS 


Th«  influences  c-f  gross  section  yielding  tzii  panel  buckling  on  fchs  stress  .  . 
intensity  for  the  beginning  of  sttbio  tear  ia  vide  vn re  in  forced  asneis  esn  be 
collected  end  presented  i»  a  single  disgras.  This  diagram  c afraid  in  the  over- 
sll  understanding  of  the  xeletionship  between  strength  influencing  variables* 

The  diegrss  is  6  three- dimensional  representation  with  two  ajf  the  axes  rep¬ 
resenting  *a  interaction. diagrsa  of  the  type  ahovn  in-Figure*  8  end  25.  The  - . . 
third  axis  is  the  psn«l^/v  ratio  uhich  denotes  the  limit  of  creek  length*  for 
buckling  width  influence  #e//w=l/3«  This  diagrex  is  shown  in  general. fora 
in  Figure  29.  For  convenience  of  discussion*  tones  of  behavior  are  designated 
on  cbi*  diegrasa  as  follow*!  ’  _• 

Zone  I  Short  Crack*  -  The  bag  liming  of  unstable  tear  (^X^)  occurring 

d>«  to  a  combination  of  fracture  and  gross  sedtiOs  "" 
yielding.  irtse  suggested  espistibn  tor  predicting 
the  stress  intensity  it  the  beginning  of  unstable 
"tear  is  .  v  "*  --  Jfl-''  ‘  -T  -  ^ 


~:~7'  -V_~^  : 


^  t 


'X>-  - 


Zone  II  Intemedieta  Cracks  -  .The  beginning  of  .unstable  ti«£  occur*:  wlt^ 

--WB&9-  |j«ii  *trw*:to  tbsa&istic  ‘ 
fleece  ofpesel 
-witfc-  the  stress 

stable  tear  cerr*  *ao&di«iy‘iei* 


panel?.  The  fuastity  / 


s-*  ■?;  - 


‘c;-.-.:r 


negative,  end,  tfc<s*,  assannc  ss  sere 
equation 


«£* 


«?  1 


Zona  III  Ior-5  Ct*«5c*  -  Cwtnk*  with  l«g$<£jljLJtg  ygo^jWi4^  ^tio^<»ceedins 


s® 


1/5  can  be  ex&tdffid  ^fco.-.rfieeri^gS 

the  stress  intensity  ’ 
eece  of  pntol' -width  _ 

soao.  is  to  be  expected  only-  .is;  «?^to£o»^v  1 * 

eso*  tjbas,  not  of  interest  to.  the  esejority/of.' 

'emktaHX  *9  *  * ,"fc ~ 


The  test  date  for  232h~?3  stwtouB  f«*  Figures  i?  sad  2£  is  *84to;.to. 


3,  4,_  eed  .  . 


Figure  30.  Figure  30  along  with  curves  of  the  typs  shove  on 
5  can  provide  tha  y*qai?«d  understanding  of  the  interaction  heteejiai  strength 
influencing  variables.  In  plotting  figure  30,.  as*  It.  variances  in  tbs  stress.: 
intensity  at  the  unstable  crack  length  with  thickness  were  included  byusic* 
teperate  kj  vkiuee  for  each  thickness.  Alio*  tbs  snail  variance  to  yield  T 
stress  and  ultteate  stress  were  incorporated.  These  refiamer-ts  'went  sot  ..-. 
considered  in  construction  of  previous  figure* . 


Figure  30  3feov*  the  agreesent  between  actual  panel  data  and  the  division 
of  tee  overall  psobles  into  son**  are  suggested  by  Figure  29.  It  is  believed 
that  Figures  29  and  30  can  provide  investigator*  with  a  deta  evaluation 
technique  that  will  clarify  sany  confusing  geometric  interrelationships  in¬ 
fluencing  the  strength  of  fatigue  cracked  panels.  For  application  to  design 
problems  requiring  the  determination  of  the  ultimate  strength  associated  with 
an  initial  crack  length it  is  suggested  that  the  quantity  (equation 
36)  be  substituted  for  jt  V  in  the  interaction  equation. 

The  data  correlation  shown  in  Figures  26  and  27  works  equally  well  for 
narrow  panels.  The  12- inch  vide  panel  data  fer  2024-T3  altssisoa  will  plot  is 
with  the  data  for  20- inch  wide  panels  shows  if  as  appropriate? value  of  k2  it 
as  sun. ed.  Figures  29  and  30  thus  represent  nondiaensicnal  properties  of  the  •- 
behavior  of  2024-73  aluminum  over  a  reasonable  range  of  geometries.  Two 
specific  additional  parameters  tc  adjust  kj  are  required,  howawr^  before  a 
general  solution  to  the  problem  it  at  hand. 

1.  A  guided  panel  width  correction  (illustrated  is  curve  form  is  Figures 

3,  4,  and  5).  - 

2.  As  unguided  pt net  vidth  adjustment  fer  the  Influence  of  buckling- 


IX  CCHCLUS'lCKJ 


on  th>*  analysis  of  test  data  for  2024-13  alitaisag  and  supported  is 
part  by  <&sta  free  titscjks  Ml-lSp-lV  and  data  £r«s  otktr  investigations,  it 
if  concluded  that  in  narrow  panels,  width  has  a  significant  influence  on  crack 
extension  that  cannot  be  adequately  accounted  for  by  current  fracture  mechanics 
tbeeyj.  Hues  of  the  available  test  data  is  from  panels  of  this  vicfch  range* 
Thus.  as*  of  cat*  free  these  p-  ncis  fox  the  evaluation  cf  the  strength  of  re- 
iafefeed  panels  is  txtressely  diffftait-  Additional  studies  directed  towards  & 
sore  complete  under? tending  of  interaction  between  local  yielding  at  the  crack 
tip  and  the  panel  boundaries  are  needed ,  Direct  correlation  of  width  influ¬ 
ences  viih  natenai  properties  should  also  prove  fruitful.  Irt  this  respect, 

#. correlating  yeraaeter  i*  needed  which  includes  total  elongation  and  strain 
hardening  iharseteri sties  as  well  as  the  yield  and  ultimate  stresses  used  in 
.figure  3^ 

The  corralatioc  and  prediction  ©f  the  beginning  of  unstable  tear  vicb 
gross  stress  above  the  yield  stress  can  be  act  cap  li  shed  by  as  interaction  ccuc- 
tke  itsfui-fon  21).  While  actual  daiU  correlations  were  limited  to  2024-13 
alasiecn,  it  is  believed  that  the  e<yiation  is  sufficiently  general  for  applica¬ 
tion  to  other  relatively  ductile  siteriils  including  saterlsls  at  elevated 
temperatures.  It  is  therefore  recoaoended  that  additlsual  studies  be  under¬ 
taker  using  materials  at  zoos  taeperateza  and  elevated  tenperaturcs.  These 
studies  should  provide  store  informtion  os  the  variation  of  the  interaction 
tzpcnwC  *«'  with  strain  hardening  characteristics  and  prove  the  general  use¬ 
fulness  sf  the  interaction  approach  to  fracture  problems  involving  gross  sec¬ 
tions  strains  above  the  proportional  lisit. 

The  results  obtained  during  this  prog  ran  shoved  the  influence  of  panel 
width  co  thf*  redact  icr.  in  strength  dk*  to  buckling.  For  2024-13  al jualcsst,  it 
«Sje  ah©**  that  the  buckling  influence  was  ©early  constant  when  gross  section 
yielding  or  buckling  width  influences  were  cot  involved.  Studies  sbeold  be 
undertaken  to  Jetervlrc  whether  a  similar  range  ©f  constant  buckling  influence 
exists  in  other  oateriats  so  long  as  the  quantity  {<^  -  <Jg)  retains  nearly 
coc^tant.  Its  these  studies,  thichnerses  sad  fracture  characteristics  should 
be  selected  to  test  the  influence  of  buckling  under  conditions  where  (o^  -  o^> 
varies  appreciably  within  the  elastic  range  with  jf  1  .  Studies  cf  the  in¬ 
s’  3 

fluence  of  buckling  under  conditions  of  biaxial  stress  should  else  be  under¬ 
taken.  - 

The  prebits*  of  stable  tear  revs ire*  considerably  acre  invest  £ga  tic© .  This 
important  aspect  of  the  engineering  p rubles  cf  strength  prediction  has  not  bad 
adequate  study.  Fine  the  results  of  this  study,  prediction  of  stable  tear  is 
wide  panels  can  fee  accoup Lisked  by  considering  stable  tear  a*  a  constant  frac¬ 
tion  of  the  initial  crack  length.  This  is  undoubtedly  an  ever  siapllficaticn 
of  the  prcblesL  bet  cse  that  aty  prove  useful- 

Further  studies  cf  stable  tear  in  side  panels  should  be  undertaken  These 
studies  should  include  delayed  tear  and  fracture  such  as  has  been  observed  in 
litanies*  Ski-  life— 1¥.  The  results  of  this  study  could  prove  that  tbs  pfeeccaessa 
of  delayed  unstable  tear  will  not  be  as  significant  is  vide  panels. 
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test  fgsczseags 


•  He  <u«t  ptath  were  gcrei afore ed  initiilly  flat  panels  containing 
cestaxij  located  tar  slots  perpeadicclir  to  tit*  lead  axis.  All  panels  were 
cat  with  the  slot  perpendicular  to  the  rolling  direction.  The  length  of  *11 
fmcls  aeesured  between  the  grips  wax  2.5  tines  the  panel  width. 
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a*i«LtiaI  saw  slots  were  ext  coded  by  jewelers  m  cats  front  which 
fetfgze  cracks  wart  grows  for  a- distaste*  nscexssry  to  obtain  a  crack  extension 
ft  l*w*  Asm  rimes  the  thickness  of  the  panel  and  sarallel  to  the  axis  of 
4hessw  slot.  All  cracks  in  the  2024^3  *  Inal,  nr.?  panels  were  grown  at  a 
single  wain*  of  stress  intensity  of  <rf  5  *=  30  ksi  Tin.  where  «r  is  the  vidth 
adjjntai  >£i»»  sndjf  la  th:  -rack  length.  This  value  was  approTfvs-ei  -  75 
p* react  of  the  lower  Ihcfrfc  f  stress  intensity,  st  which  slow  tear  was  o!  served 
to  cent,  i  wl»  oilji  40  ksl  was  selected  for  fatigue  crack  leg  in  the 
fi ty sitm  panels,  All  fatigse  cracks  vyiickly  developed  ia»  a  shear  node  of 
cracking  once  out  of  the  influence  of  the  notes.  Thus  all  specimens  were 
fittigstd  asd  failed  in  the  through,  the- thickness  45  degree  dstar  ssode. 

^fttr  the  fatigue  crocks  were  developed  tc  as  to  siaeiate  fatigue,  cracks 
of  £he  stfeind  length,  inf  tial  crack  lengths  wet*  observed  through  a  transit . 
S*  load  w  thee  slowly  increased  until  slew  tear  was  observed  to  start.  In 
an  attempt:  to  geia  coos  latency  in  the  recording  of  slow  tear  the  vertical 
cross  hair  of -the  'transit  «u  placed  at  the  c*sd  of  the  visible  cracx  and  slow 
teer  was  recorded  when  the  crack  was  risible  beyond  the  cross  hair. 


After  the  start  rf  slew  tear  was  ebserrsd,  the  panels  were  loaded  at  a 
rate  of  30,fCfc  pM ones  per  ndagtc  cad  the  reseiuder  of  the  panel  behavior  was 
recorded  os  film.  The  fils,  record  was  reduced  to  give  the  £cllc«ring  iofoaa- 
ticc: 

i*  The  crack  length  ts.  load. 

2.  The  begioaiag  of  magtape  lead. 

3.  A  crack  velocity  of  os*  ir.ch  per  stood. 

4.  The  lest  recorded  crack  length  prior  to  rapture. 
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twin*  acccagll*h«<i  using  *  load  frame  and  a  300*000  pound 
l&4.^iiad«fc  '-{-figures  .  31  and  32).  Load  control  was  attained  by  the 
::-';U**_rdf'*n  electro-hydraulic  servo  channel  and  a  feedback  signal  provided  by  a 
strain  grage  briegewitb  the  strain  gauge  attached  to  a  load  link  in  series 
jNShal  and  -tfc€  hydraulic  lead  cylinders  For  development  of 
S^fat^ie  cracks  jprior  te  loading  the  panels  to  failure,  a  combination  of  mean 
;i;pius"Si^soidal’  signal  was;  used  as  input  to  the  servo  valve.  For  final  load¬ 
ing  to  ;f*ilut-i*  a  *6tor  driven  potentiometer  calibrated  to  provi.de  a  nominal 
vioad.;rat6  of  30,TfQ0  pounds  per  minute  v*s  used.  Incremental  loading  was  ap- 
plifA'  by  Stamally  operating  the  mean  load  potentiometer.  Load  monitoring  was 
obtaihedrghrodgh  two  additional  strain  gauges  on  the  load  link.  One  strain 
.gauge  was  used  for  visual  monitoring  on  ah  oscilloscope  using  a  BA-12  bridge 
simit.  Ih*  sacoHd  gasge  provided  a  signal  operating  a  voltmeter  which  was 
photographed  a&ultaneously  with  the  crack  length  by  a  35  millimeter  camera 
-  operating  ct  16  frases-per-seccnd.  The  signal  from  this  second  strain  gauge 
«  wis  alio  recorded  directly  as  load  on  an  x-y  plotter.  Ail  lead  recording  ele¬ 
ments  usually  asraed  within  3  orreent. 


ffiJgVES  ASP  TABULAR  DATA 


In  order  to  provide  information  and  discussion  on  the  tear  character¬ 
istics  of, the  materials ,  it  was  necessary  to  record  the  entire  failure  se¬ 
quence  on  film.  Actual  tear  behavior  determined  from  film  records  showed  the 
tear  to  be comprised  of  a  series  of  bursts  of  tear  father  than  a  smooth  t>n- 
tinuoua  process,  those  burst*  were  sporadic  in  time  and  tended  to  differ 
» lightly  for  the  two  ends  of  the  crack.  In  general,  however,  the  total  tear 
accumulated  *t  either  end  of  the  crack  was  very  nearly  the  same,  the  crack 
thus  remaining  symmetrical  about  the  panel  center  line  until  final  rupture. 
Rupture  often  occurred  simultaneously  on  both  sides  of  the  crack  (particularly 
for  higher  stress  levels  and  shorter  cracks).  In  other  instances  (usually  at 
longer  crack  lengths)  rupture  would  occur  on  one  side  only,  these  ruptures 
being  about  equally  divided  between  the  left  and  right  side.  Failure  surfaces 
were  of  the  shear  type  in  all  pa no Is  with  no  visual  distinction  noted  between 
the  alow  teir  and  rupture  surfaces.  The  results  of  the  interpretation  of  film 
records  are  shown  as  average  taar  curves  on  Figures  33  through  43.  The  or¬ 
dinate  (or)  of  these  figures  is  a  width  corrected  stress  in  the  sense  that  it 
represents  the  nominal  (gross)  panel  stress  multiplied  by  the  Dixon -1*  finite 
panel  width  correction  (Equation  6). 

Direct  visual  comparison  between  all  curves  in  terms  of  elastic  stress 
theory  is  thus  possible. 

Four  poinc s  representing  significant  changes  in  behavior  are  marked  on 
the  tear  curve  for  each  panel  (Figures  33  through  43)  unless  two  of  the  events 
occurred  simultaneously  as  was  occasionally  the  case.  The  crack  lengths  and 
loads  corresponding  to  these  points  are  given  in  Tables  4  through  12.  The 
significance  of  these  points  along  with  remarks  pertinent  to  their  interpreta¬ 
tion  are  sassuriaed  below,  in  the  sequence  of  their  noraal  occurrence, 

1.  The  beginning  of  slow  tears  The  beginning  of  slow  tear  proved  difficult 
to  record  in  «  consistent  manner.  First,  the  slow  tear  did  not  always 
start  simultaneously  on  each  end  of  the  crack.  Second,  the  visibility 
and  amount  of  initial  slow  tear  varied  with  crack  length  and  geometry. 


WIDTH  «  20  INCHES 
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corded  values  of  the  c-z.se t  of  t  iir  vas  ^/Served.  ’  -. 

2.  The  beginning  of  r^axiacss;  load:  The  stable  slow  crack  extension.  sa  ob¬ 
tained  during  a  continuous  loading  process  of  approximately  30,000 
potiods-per-ednote  excel  verifying  the  spproxis&ate  equlvalessce  of  i dc re¬ 
cent  a  i  slow  tear  sad  slew  tear  at  a  iced  rcte  of  30,05X5  OGsntds-per-ctiisEtt 
(Figures  44  and  45).  Ax  a  point  corresponding  to  the  naxissa  less  ob¬ 
tained  by  incremental  loading,  the  load,  vbich  vas  initially  increasisg 
at  30,000  peunds-per-ni  irate,  V23  observed  to  hold  constant  eves  though 
the  signal  tc  the  serve  value  vac  continually  increasing.  (This  tan  ho 
attributed  to  the  relatively  large  volutte  of  oil  required  to  displace  the 
300,000  pound  load  cylinder  end  to  the  combined  character! **Ics  or  the  -;dl 
supply  systes  and  pressure  sensitive  servo  valve*)  Because  of  this  eb-  ' 
served  characteristic  of  the  test  aachine  aod  the  convenience  afforded  in 
loading  and  in  recording  subsequent  unstable  crack  behavior,  the  aa ferity 

of  raafaca  load  points  sere  determined  during  the  coetiaaoes  loading  process. 

3.  A  crack  velocity  of  one  inch  per  second:  Initially,  attempts  vere  made 
to  separate  tear  at  constant  velocity  free  the  latter  stage  of  accelera¬ 
tion  as  suggested  by  Lorens^.  Curves  of  £ll*  frames  versus  crack  length, 
were  plotted.  A*  it  was  not  possible  to  definitely  distinguish  a  tear^£V._i 
constant  velocity  from  tear  accompanied  by  acceleration,  an  -alternate'-" 
definition  of  a  slope  of  one  inch  per  second  was  chosen.  This  stfope  -  . 
occurred  in  all  instances  just  at  or  shortly  before  the  rapid  <ccslch 
growth  isB&edistely  preceding  rupture. 

4.  The  crack  length  at  rapture:  The  last  frame  cf  fisn  record  set  if-.  frases- 
pax-second  *as  token  for  this  point.  Since  the  crack  velocity  sear  fail¬ 
ure  is  high,  the  scatter  is  crack  length  obtained  as  a  result:  ox  the  - 
random  relationship  between  exposure,  at  1/135  reload  srd  rsyjtsrk.  is  okb- 

siderabie.  -  '  I::  .f-5  -  •'*: 

.  _  S'  X.  '  “  - 

Figures  46  through  55  shoe  summaries  of  the  fi-st  tisv<o  noict.fcT&x  all-  .  • 
videos  of  2G2A-T3  a ivnioxx,  Because  of  differences  1st  TS  vind 

30  inch  vide  panels  are  shown  septate  ly  from  the  9  and  12  loch  sfgiels.. 


SG?FLEJ£S«14L  STUDIES 


During  the  course  of  the  sais  test  progxas,-  q&estjUSds  arefr?  >r 

pracedoro  and  poasibl*  i=f  lessees  that  required  ciarifitafcfessi.  ^85«s 

occurred,  supplemental  studiet  vert  undertaken.  £  "-'  r-Y-' 

A  study  of  the  dependence  of  saxi??aa  load  and  crit^cgi  2£ag£b„  :os 

rate  of  loading  was  conducted  at  the  begitasisg  c£  the  vYsi  prsgtxgu 1 
adopting  the  procedar*  of  contiusaua  loading  at  a  -na&it&i  i^e-cf'  pcaad* 

per  minute  through  the  slow  te»r  pha^e*.  an  ■svslx-atica  th£  difference 
this  procedure  and  an  incremental  loading  procedure  vagf  ass*  (Figsxes  44 
45).  Panels  5  and  9  were  loaded  incrementally*  1S»  load  was  first  rsisid 
until  sic*  tear  could  be  seen.  After  the  crack  length  acd  load  vere  recorded, 
the  load  wax  Increased  until  additional  tearing  vxs  sees.  This  process  *sa 
continued  until  at  the  last  sxsii  iocresen-  of  iced,  the  crack  easjttaKcd  tc- 
extecd  with  the  load  held  constant.  At  this  point,  the  testers  vas  turned  ss 
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ana  tlie  unstable  crack  extension  at  constant  load  was  recorded.  A  comparison 
of  the  results  of  this  procedure  with  the  results  of  the  continuous  leading 
procedure  showed  little  difference  (Figures  <*4  and  45).  Because  of  the  con¬ 
venience  afforded  in  loading  and  in  recording  subsequent  unstable  crack  be¬ 
havior*  the  majority  of  panels  were  loaded  at  30,000  pounds -per-minute.  The 
panels  which  were  incrementally  loaded  are  indicated  in  the  data  summary  con¬ 
tained  within  this  report. 

Til*  fact  that  the  lead  reached  a  maximum  value  and  held  nearly  constant 
after  an  unstable  crack  length  had  been  attained  must  be  attributed  to  the 
response  characteristics  of  the  load  system.  The  fact  that  the  recorded  be¬ 
havior  Mas  hot  sensitive  to  the  above  differences  in  procedure  was  encouraging 
and  should  indicate  the  general  usefulness  of  the  data  obtained. 

During  the  testing  of  jicnels  with  gross  and  net  sections  near  the  yield 
stress,  the  question  of  whether  the  pcint  of  constant  load  could  still  be 
associated  with  crack  extension  needed  further  resolution.  Since  the  constant 
load  point  on  the  t-sar  curve  is  actually  dependent  upon  the  response  of  the 
load  systwa  to  the  rate  of  travel  of  the  test  grips,  it  was  reasoned  that  in 
the  range  of  behavior  where  gross  and  net  section  yielding  accompanied  fracture, 
the  aaximya  load  point  could  possibly  be  reached  without  an  accompanying  change 
in  crack  extension.  Figures  56  through  60  show  the  lead-crack  length-elongation 
•-eysus  fila  frames  at  16/sec.  for  12  inch  wide  panels  near  failure.  It  can  be 
sum  that  fear  velocity  decreases  with  increasing  crack  length  and  in  the 
longer  ie«g?hs  the  poinf  of  peak  load  has  only  moderate  significance, 

la  the  shorter  cracky  good  correlation  between  peak  lead  and  significant  in- 
create  in  tear  race  were  obtained, 

heckling  studies  were  conducted  on  12  inch,  20  inch  and  30  inch  wide 
vzvi&Zs  vi  each  thickness.  These  studies  were  conducted  for  the  purpose  of 
<fes®us£hi«g  whether  the  beginning  of  significant  buckling  displacements  could 
b*  correls Z4C.  the  observed  drep  off  in  strength  at  longer  crack  lengths 

for  un&uidss  pansisi  a!«  results  of  this  study  shoved  that  this  was  not  the 
Deflect ign  bi  the  pact-Is  started  at  shorter  crack  lengths  than  the  ob¬ 
served  drop  in  te rangcL.  A  siassary  of  buckling  deflections  is  given  in  Table 
19.  These  ae^surtsents  were  taken  using  a  tool  makers  microscope  from  photo¬ 
graphs  taken  parallel  to  the  load  direction  and  as  close  to  the  panel  as  pos¬ 
sible  ,  The  results  of  other  buckling  studies  are  shown  on  Figure?.  19  through 

0-5 

/. -<J  * 


Figure  V.  was  taken  cn  instant  l  fore  the  failure  cf  panel  43  to  show  the 
extent  of  plastic  defcr&ac. ion  near  the  -.rack  tip.  The  grid  on  the  panel  was 
applied  neiaa  a  silk  screen  process.  The  lack  of  a  large  visible  plastic 
sons  is  of  interest  when  c  .siaering  the  pc-ssibie  use  of  a  plastic  rcu«  cor¬ 


rection 


)IN  INCHES  (A  ELONGATION)  IN  INCKKS 


FIGURE  56  LORD  -  CRACK  LENGTH- ILONGAnOi  VS.  FRAMES  FSC M  jat££L*S* 
FOR  TEST  PANEL  49,  UN GUIDED  2024-T3  ALUMINUM 
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**-  *«T*«rr  jHe  objective*  of  the  study  programs  vert  to  define  and  verify  a 
of  strength- Uniting  paraseters  f<r  fatigue  cracked  panel*  which  veruld  be  eypiicabl 
to  the  wide  range  of  condition*  of  interest  in  the  engineering  prcblfcft  $£'  .strength 
analysis  and  to  present  this  synthesis  in  a  fora  that  would  lead  to  a b#«£*f :«&*»- 
ceptual  understanding  of  the  interaction  between  parameters.  '\.^r  ,! 

The  program  consisted  of  an  analytical  stud?  *sd  a  sapper^^ 'je^sarlmest* 
study.  The  analytical  study,  governed  by  the  above  ofcjedti^es,  is?fisieer«3  frac¬ 
ture  in  the  elastic  range  with  restraint  £revid*d,  £r*^tur*-.  tastbined  with; 

net  section  and  gross  section  yielding,  srJ  f$aciU?s  fe  th£  -rxaf*  for  un¬ 
restrained  panels,  the  design  problem  invc-lvijjg4  tf&cait  of  sic*4  tear 

was  also  considered.  The  experimental  pregzes  pswvid^  vup.^srtfng  info  sac  tlofc  . 
on  the  behavior  of  fatigue  cracks  for  bare  2324-T3  Limited  tAtk  da.ca  - 

were  also  obtained  for  duplex  annealed  titas^ss  The  aluaiscafc  alley 

crack  lengths  ranged  fro©  .5  inch  ts  over  IQ  inches.  Panel  widths  were  thirty, 
twenty,  twelve  and  nine  inches,  and  ncsinal  panel  thicknesses  were  .06D  inch,  .063 
inch,  and  .032  inch.  The  titanium  alloy  panel  widths  were  twelve  and  nine  inches, 
and  thicknesses  were  .045  inch  and  .020  inch,  buckling  restraints  were  used  for 
approximately  half  of  the  panels  tastedc 

test  iufcraatioa  fr.ta  other  scut-css  v»£>  usee  to  illustrate  specific 
points  in  tfceety  and  to  uhav  the  generality  of  conclusions. 
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